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Abstract 

Liquid ionization chambers have characteristics that can remedy sorne of the 

drawbacks of air-filled ionization chamber dosimetry: large sensitive volumes, fluence 

perturbations, and energy dependence. However, high ion recombination rates can be a 

significant problem in liquid chambers. In this work, we have investigated properties of a 

new liquid chamber, called the GLIC-03 (Guarded Liquid Ionization Chamber), including 

chamber stability, reproducibility, and establishing recombination corrections. The 

response varied by less than 1 % over 10 hours, and was reproducible within 1.5% of the 

mean over different liquid fills. Recombination corrections were established, and were 

small for low dose rates and high voltages. The establishment of these characteristics 

allowed us to compare measurements of the GLIC-03 in a region of charged particle 

disequilibrium to those made with a diamond detector. Results show the GLIC-03' s 

suitability as a high resolution detector. 
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Résumé 

Les chambres d'ionisation liquides ont des caractéristiques qui peuvent remédier à 

certains des inconvénients de dosimetrie de chambre d'ionisation remplies d'air: les 

grands volumes, la perturbation de la fluence, et la dépendance à l'énergie. Cependant, les 

hauts taux de recombinaison d'ions peuvent être un problème significatif dans les 

chambres liquides. Dans cette étude, nous avons examiné certaines propriétés d'une 

nouvelle chambre liquide: la stabilité de la chambre, la reproductibilité, et la 

recombinaison. La signal mesuré variait par moins de 1 % sur 10 heures et était 

reproductible dans les 1.5% de la moyenne. Les corrections de recombinaison ont été 

établies, et étaient petites pour les faibles débits de dose et les hautes tensions. 

L'établissement de ces caractéristiques nous a permis de comparer les mesures du GLIC-

03 dans une région de déséquilibre de particules chargées à celles faites avec un détecteur 

à diamant. Les résultats dé montrent que cette chambre peut être utilisé comme détecteur 

à haute résolution. 
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Chapter 1 

Introduction 

1.1 Treatment of Cancer 

This year, approximately 153,100 new cases of cancer will be diagnosed in 

Canada, and 70,400 deaths due to cancer will occur. These numbers increase yearly due 

to an increasing and aging population. Over their lifetime, 38% of women and 44% of 

men will develop a form of cancer, and approximately one quarter of Canadians will die 

of cancer. 1 Because of this, much effort and research has been put forth in diagnosis and 

treatment of this disease. Three major methods of treatment of cancer are the exclusive 

use of - or a combination of - chemotherapy, surgery, or radiation therapy. 

Radiation therapy is the branch of medicine that uses radiation in the treatment of 

disease, and it began soon after the discoveries of characteristic radiation by Wilhelm 

Conrad Rontgen in 18952 and natural radioactivity by Henri Becquerel in 1896.3 In 

radiation therapy, disease is treated by delivering a dose of energy through radiation, 

which can cure the disease or relieve pain of a patient. Despite this, damage may also be 

done to healthy tissue that surrounds the volume that contains the disease, as it is also 

responsive to radiation dose. Research in modem radiation therapy thus endeavours to 

maximize the dose delivered to the disease (killing cancerous cells) while sparing the 

healthy tissue that surrounds it. 

1.2 Radiation Therapy 

Radiation therapy is delivered by two general techniques; teletherapy and 

brachytherapy. In the latter, short range radiation originates from encapsulated 

radionuclide sources, which are placed inside or near the target volume in the patient. 

The source can deliver a dose to the target volume for a specified period (after which the 

source is removed), or deliver dose over the lifetime of the source (which is permanently 

implanted). In cases where tumours are relatively small and well localized, 
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brachytherapy is widely used because of its distinct advantage of improved localized dose 

delivery to a volume of interest. In other cases, however, teletherapy is necessary. 

Teletherapy, or external beam radiotherapy, refers to therapy by radiation that 

originates outside of the patient. The radiation beams used most widely are photon and 

electron beams, but the number of clinics providing proton and neutron beam therapy is 

also increasing. Photon radiation beams can be produced by emissions from 

radioisotopes. They can also be produced by x-ray tubes or linear accelerators (also 

called linacs), where accelerated electrons strike a target, producing photon beams. As 

mentioned earlier, soon after the discovery ofx-rays in 1895, photon beams began to be 

used for external beam therapy. For many years low energy photon beams produced by 

X-ray tubes were being used for therapy, but they were not very effective for anything 

other than superficial lesions because most of the dose was delivered at the skin surface. 

Since that time, much research and study has gone into producing higher energies of 

photon and electron beams for use in therapy. The greatest advancements in these fields 

took place with the invention of the cobalt teletherapy unit and the modem linear 

accelerator. The cobalt unit was invented by Dr. Harold Johns at the University of 

Saskatchewan in Saskatoon in the early 1950s.4 Its radiation beam is produced by 

cobalt-60, a gamma ray emitter, and its relatively simple design and average beam energy 

of 1.25 Me V made it the leader in external beam therapy until linear accelerators were 

easier to produce and market. Linacs accelerate pulses of electrons which can be used to 

produce a large range of high energy electron and photon beams. The large range of 

energies, along with the ability to use electron beams for shallower tumours and photon 

beams for deeper tumours, has made linacs the most widely used machines for external 

beam therapy. 

1.3 Cell Damage and Ionizing Radiation 

Radiation deposits dose in a medium in two different ways: direct ionization or 

indirect ionization. Direct ionization occurs when charged particles interact with atomic­

bound electrons of the medium through Coulomb interactions. This can either excite the 

atom or release the electron, ionizing the atom. Indirect ionization occurs when neutral 

particles release charged particles inside of the medium, and these newly-produced 
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charged partic1es interact with electrons orbiting atoms in the medium through Coulomb 

interactions, depositing their energy. 

Cell damage due to ionizing radiation occurs through either direct or indirect 

action. Direct action refers to interaction of ionizing radiation with the critical targets of 

cells (DNA molecules). These molecules may be excited or ionized, eventually leading 

to biologie al damage.5 Indirect action refers to interaction between ionizing radiation and 

other molecules in the cell. Cells are mainly water, and interactions with water produce 

free radicals that diffuse through the cell and damage DNA molecules by breaking 

chemical bonds, eventually resulting in biological damage. 

1.4 Dosimetry 

In the development of radiation therapy, it was important to have a c1ear 

understanding ofhow much radiation was delivered and what dose was given to a patient. 

A quantifier was needed in order to determine results of therapy and reproducibility of 

treatment. In determining the dose to a patient, it was c1ear that a relation had to be made 

to the physical effects of radiation in a volume of material, and not to the output of the 

radiation field itself. 

No matter the type of radiation being produced, a certain dose will be given to the 

material being irradiated, be it a patient or a water-equivalent plastic. This dose is 

expressed as the amount of energy that is absorbed by a mass of the medium being 

irradiated. The unit of dose is called the gray (1 Gy = 1 J/kg in S.I. unitS).6 

In order to measure the dose given to a patient, an instrument called a dosimeter 

must be used. The part ofthe dosimeter that is sensitive to radiation is called the detector. 

The part of the dosimeter that converts the signal obtained by the detector into an 

electrical signal is called the reading device. There are many types of detectors. A 

calorimeter is a detector in which absorbed dose is apparent as a change in temperature in 

an absorber. In a chemical dosimeter such as a Fricke dosimeter, absorbed dose is related 

to chemical effects in a certain solution. In ionization chambers, absorbed dose is related 

to the ionization charge produced in a sensitive volume upon irradiation. Solid-state 
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deteetors such as diode detectors and therrnoluminescent dosimeters relate absorbed dose 

to solid-state effects. Radiographie deteetors use change in film optical density to 

deterrnine the absorbed dose. By far, air-filled ionization chambers are the most common 

detectors used in patient-treatment clinics around the world.7 

Absorbed dose to a patient is difficult to deterrnine directly with dosimeters. Thus 

a patient-similar phantom is generally used in which to measure the effects of a radiation 

beam. Although it is not exactly the case, the human body is considered water equivalent 

for purposes of radiation dosimetry. This assumption is sufficient for these purposes for 

two reasons. First, soft tissues in the body are very similar to water in terrns of atomic 

composition and density because they are composed mostly of water.8 Corrections that 

could be made between these two materials are small compared to the accuracy of 

deterrnination of absorbed dose, and so are neglected. The second reason is that there are 

a large number of different tissues in the body with a large range in structure and size. A 

complex deterrnination of these parameters would possibly compromise the safety that 

cornes from the assumption of homogeneity. Water, being easily available with well­

defined characteristics, is appropriate for use. Other solid materials that simulate liquid 

water can also be used in dosimetry for simplification in setup, provided that corrections 

for any differences are applied. These materials are synthetically produced, and they 

exhibit a similar response to radiation as water. 

1.5 Motivation 

Presently, calibrations of clinical linear accelerators (linacs) are most often 

perforrned using air ionization dosimetry as outlined in the AAPM TG-S1 9 and the IAEA 

TRS-398 10 protocols. In these protocols, air-filled ionization chambers with absorbed 

dose to water calibration coefficients traceable to a national standards laboratory are used. 

Three main problems currently exist with these chambers. First, sensitive volumes must 

be large enough (on the order of 0.1 to 1 cm3
) to generate a high signal, which leads to 

low spatial resolution. Thus complex fields and areas with high dose gradients cannot be 

adequately studied. Second, a low density gas (such as air) causes fluence perturbations 

in the surrounding high density medium (such as water). Thus perturbation corrections, 

which are position dependent, must be applied. Third, the beam quality conversion factor 
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kQ used in the protocols is dependent on the ratio of restricted stopping powers water-to­

air. This ratio is energy dependent and thus kQ changes with beam quality. Liquid 

ionization chambers (LICs) have features that potentially remedy these problems. Due to 

an ionization density 300x larger in liquid than in air, the sensitive volume of an LIC can 

be of the order of 1 mm3 while maintaining a signal similar to air-filled chambers. This 

high spatial resolution is ideal for complex fields and are as of high dose gradient. In 

addition, liquids used have a density similar to water, reducing fluence perturbation. 

AIso, for practicalliquids, the ratio of restricted stopping powers liquid-to-water does not 

vary greatly with energy and an LIC is thus less energy dependent over a large range of 

beam qualities. While these attributes make the LIC attractive as an alternative to air­

filled chambers, there are significant challenges with liquid chambers. The Same high 

ionization density that allows for smaller sensitive volumes, combined with an ion 

mobility that is 3000 to 6000 times smaller than in air, leads to high ion recombination 

rates. In this thesis, properties of a new liquid ionization chamber have been investigated. 

This inc1udes chamber stability over time, chamber reproducibility, and establishing 

recombination corrections. In addition, energy measurements by the chamber in a 

complex region of a radiation field have been compared to other established chambers. 
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Chapter 2 

Radiation Interactions and Dosimetry 

2.1 Introduction 

2.2 Interactions of Ionizing Radiation with Matter 

As mentioned earlier, radiation can either be ionizing or non-ionizing. To ionize 

an atom me ans to remove valence electrons from the neutral atomic structure. These 

electrons are held to the atomic structure with a specific binding energy. Ionizing 

radiation must provide enough energy to overcome the binding energy in order to release 

the electron. Valence electrons have a binding energy between 4 and about 25 eV, 

depending on the type of atom. Ionizing radiation can further be classified as direct or in­

direct. Photon and neutron radiation are considered indirectly ionizing radiation because 

they have neutral charge, and indirectly ionize atoms by first transferring energy to 

charged particles, which then ionize. Electrons, positrons, and protons have charge and 

directly interact with atoms. Radiation beams consisting of these particles are thus 

considered directly ionizing radiation. The most common types of indirectly ionizing and 

directly ionizing radiation used in medical physics are photon and electron radiation, 

respectively, and they will be the subject of discussion here. 

2.2.1 Photon Radiation and Its Interactions 

2.2.1.1 Types of Photon Radiation 

There are four main types of photon radiation. The first is called bremsstrahlung, 

photons produced when charged particles interact in the field of an atomic nucleus. 

Kinetic energy from the charged particles is lost as they decelerate, and this energy is 

emitted in the form of bremsstrahlung, which are x-rays with a continuous spectrum. 

Modem linear accelerators use bremsstrahlung radiation to produce photon beams for 

radiation therapy. 
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The second type is called characteristic x-ra ys , produced after a lower-Ievel 

atomic-bound electron is removed from an atom. A less tightly bound electron can then 

drop from a higher level shell, and the difference in shell binding energy is emitted in the 

form of x-rays. The energy of the x-rays is discrete because of the characteristic shell 

level binding energies. 

The third type is gamma rays, photons produced from the nucleus of an atom that 

returns to a ground state from an excited state. A common use of gamma rays in radiation 

therapy is 60Co radiation. Here, 60Co nuclei emit beta particles and become 6~i nuclei. 

The 6~i nuclei are in an excited state, and they return to ground state by emitting two 

gamma ray photons of energies 1.17 MeV and 1.33 MeV. Cobalt radiation is commonly 

used for therapy and reference dosimetry. 

The fourth type is annihilation radiation, whose photons are produced from 

positron-electron annihilation. Positrons have the same mass as electrons, and have equal 

but opposite charge. As They travel through a medium they will lose energy through 

Coulomb interactions and slow down. At sorne point on their path They will combine 

with a free electron and the two will annihilate. Two annihilation photons are then 

produced, each splitting the total amount of rest energy of the electron and positron plus 

the remaining kinetic energy of the positron (if any). Each photon will thus have energy 

of at least 0.511 MeV, and they travel in approximately opposite directions to conserve 

momentum. 

2.2.1.2 Photon Radiation Interactions 

Photons that are produced by any of the means previously mentioned can interact 

with three components of atoms in matter: orbital electrons, nuclei, or the entire atom. 

Interactions with orbital electrons are the photoelectric effect, Thompson and Compton 

scattering, and triplet production. Interaction processes involving the nucleus of an atom 

are pair production and photonuclear reactions. Rayleigh scattering is an effect that deals 

with interaction with the entire atom. 
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The photoelectric effect, Compton scattering, and pair and triplet production will 

be discussed because they are the main processes of energy transfer to media which occur 

in clinical radiation therapy energy ranges. In Thomson scattering (which occurs when a 

photon interacts with a free electron) and Rayleigh scattering (which occurs when a 

photon is elastically scattered by the entire atom), the photon energy does not change but 

its direction changes. There is little or no transfer of energy, and therefore, no absorbed 

dose. Thus these processes will not be discussed. Aiso left out will be photonuclear 

reactions (where nuclei absorb high energy photons and consequently emit nucleons), 

because the threshold for such reactions is high (~ 1 0 MeV) and probability of occurrence 

is much lower than the main interactions. 

Photoelectric Effect 

The photoelectric effect is most likely to occur when the binding energy Eb of a 

bound electron is slightly less than the energy hv of the incident photon. The electron 

absorbs the photon and overcomes the binding energy, and is ej ected from the shell with 

the following kinetic energy: 

(2.1) 

Recoil from the entire atom is negligible due to its large mass compared to the electron. 

Compton Scattering 

In Compton scattering, a photon interacts with a stationary electron. The electron 

may be bound to an atom, but it is considered free if its binding energy Eb is much less 

than the energy hv of the incident photon. Sorne of the photon energy EK will be 

transferred to the electron, leaving the photon with energy hv' = hv - EK • The photon is 

scattered at an angle () and the e1ectron at an angle rjJ from the incident photon path. If 

conservation of momentum and energy before and after the collision are applied, 

expressions for scattered photon energy (equation 2.2) and the electron kinetic energy 

(equation 2.3) can be determined as a function of incident photon energy and photon 

scattering angle: 
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hv' = hv 
1+&(1-cos8) , 

E
K 

= hv &(1- cos B) , 
1 + &(1- cos 8) 

(2.2) 

(2.3) 

where & = hv / moc
2 is the incident photon energy norrnalized to moc

2 = 0.511 MeV, the 

rest mass energy of the electron. The scattered electron angle can also be related to the 

scattered photon angle and the initial photon energy: 

cotrp = (1 + &)tan(8 /2). (2.4) 

Pair Production and Triplet Production 

In pair production, a photon in the Coulomb field of the nucleus disappears and 

produces an electron-positron pair. The photon energy is converted into mass of the 

particles, so it must be at least the threshold of hv = 2moc
2 = 1.022 MeV, where again 

moc
2 is the rest mass energy of the electron and of the positron. As with the photo effect, 

recoil of the nucleus is negligible due to its large mass. If the photon has energy 

hv > 1.022 MeV, the excess energy is given to the positron and electron as kinetic 

energies EK and EK , respectively, such that the total kinetic energy is: 
e+ e-

(2.5) 

Triplet production is similar to pair production, except that the electron-positron 

pair is produced when the photon interacts with the Coulomb field of an orbital electron, 

which is ejected from the atom in the process. The "triplet" refers to the two electrons 

and one positron that are produced. The photon must have enough energy to create the 

electron-positron pair as well as to overcome the orbital electron binding energy. 

Consequently, the threshold limit is larger than for pair production, and is hv = 4moc2 
• 

Any excess photon energy is given to the three particles as kinetic energy. 
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2.2.1.3 Excited Atomic Effects 

The previous section described photon interactions that result in atomic shell 

vacancies. When a vacancy is produced, an orbital electron in a higher atomic shell (with 

lower binding energy) falls into the vacancy in order to attempt to return the atom to its 

ground state. The difference in binding energy between the two shells is then released 

through characteristic x-rays, as described in section 2.2.1.1, or through the Auger effect. 

Fluorescent Yield 

The fluorescent yield Cù is the relative probability that the energy released by a 

shell transition will be in the form of characteristic radiation. The yield is different for 

different shells, and is usually expressed as the number of photons emitted per vacancy in 

a shell. Fluorescent yield is dependent on the absorber atomic number. For Z < 10, the 

K-shell yield ~ is zero, and for high Z materials, CùK approaches 1. 

Auger Effect 

The process that competes with the fluorescent yield is called the Auger effect. In 

this process, the available energy is transferred to an orbital electron in a higher shell 

(then called an Auger electron), which is then ejected from the atom. The Auger electron 

has kinetic energy EK =IEll-IE21-IE31, where El is the binding energy of the shell with 

the vacancy, E2 is the binding energy of the shell with the electron that drops to fill the 

vacancy, and E3 is the binding energy of the shell containing the Auger electron. 

Because fluorescent yield and the Auger effect are the two competing processes, the 

probability for the Auger effect is (1- Cù) • For absorbers with Z < 10, only the Auger 

effect is possible. 

2.2.1.4 Photon Beam Attenuation and Energy Coefficients 

A photon beam' s intensity is attenuated in a material because the photons undergo 

the interactions described in section 2.2.1.2. The photon fluence at the surface CPo reduces 

to a photon fluence of cpz at depth z (cm) according to the exponential function: 
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(2.6) 

where J.l (units cm-1
) is the linear attenuation coefficient, dependent on the type 

attenuator material and beam energy. Often used is the mass attenuation coefficient, J.l 
p 

(cm2jg), which is also separated into components representing the coefficients of 

individual interactions: 

J.l r O"R O"c K -=-+-+-+-. (2.7) 
ppp p p 

In this equation, r , O"R' o"c' and O"K represent the coefficients of attenuation due to, 

respectively, the photoelectric effect, Rayleigh scattering, Compton scattering, and pair 

production. 

Each mass attenuation coefficient can further be written as a function of energy 

transfer JLtr and energy absorption JLen coefficients. These describe the fraction of 
p p 

energy that is transferred to charged particles, and the fraction of transferred energy that 

is absorbed by the medium, respectively. These are related by the bremsstrahlung 

fraction g , which is the fraction of transferred energy lost through radiative interactions: 

(2.8) 

The amount of energy that is transferred to charged particles is different for 

different interactions. Thus the energy transfer coefficient is separated by interactions: 

(2.9) 

where (Etr ) is the average energy that is transferred to charged particles as a result of 

each interaction. Note that Rayleigh scattering is not included because it does not result 
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in any transfer of energy to charged particles (see section 2.2.1.2). Compton scattering is 

thus represented with no subscript, for simplicity. 

As seen in section 2.2.1.2, energy transferred in the photoelectric effect is given 

by equation 2.1. We must take into account the probability PK that the interaction will 

take place in the first (or K) shell, the fluorescent yield %.' and the mean energy of 

transitions to the K-shell, hvK • hVK is approximately 86% of the K-shell binding energy 

of an absorber. Thus the energy transferred is: 

(2.10) 

F or Compton scattering, the mean energy transferred to charged particles depends 

on the initial photon energy. Maximum and average values for (Etr L are determined 

using tables or graphs such as the one shown in Fig. 2-1. 
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Figure 2-1. Maximum and mean fractions of incident photon energy transferred to scattered electron in 
the Compton effect. 1 
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For pair production, the mean energy transferred to charged particles is: 

(2.11) 

as described in section 2.2.1.2. 

Thus the total mass energy transfer coefficient is: 

(2.12) 

A photon interaction may show predominance over the other interactions, 

depending on the photon energy and the atomic number of the absorber. As seen in Fig. 

2-2, the photoelectric effect is dominant at lower energies, the Compton effect at 

intermediate energies, and pair production at higher energies. In radiation therapy, most 

photon beam energies range between 1 and 1 0 MeV, and water has an effective atomic 

number of about 7, thus the predominant photon interaction that occurs in radiation 

therapy is the Compton effect. 
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Figure 2-2. Relative predominance of photoelectric effect, Compton effect, and pair production for 
elements with atomic numbers 1-100 and over a large photon energy range. The left curve 
corresponds to points where the atomic photoelectric effect and atomic Compton effect 
coefficients are equal, and the right curve corresponds to points where the atomic Compton 
effect and atomic pair production coefficients are equal. 2 

2.2.2 Electron Radiation and Its Interactions 

2.2.2.1 Interactions with Matter 

Because electrons are charged partic1es, they will interact with the Coulomb fields 

of orbital electrons and nuc1ei of atoms. A high energy electron will interact thousands of 

times as it travels through a material, and statistical theory is used to de scribe their 

behaviour. 
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Figure 2-3. Electron-atom interaction, with the impact parameter b and atomic radius a. Soft collisions 
occur where b» a, hard collisions occur where b ~ a, and nuclear interactions occur where b 
«a. 

These interactions take place in the fonn of collisions. These collisions can be elastic, 

where the electron is scattered yet no energy loss occurs, or inelastic, where scatter as 

weIl as energy loss occurs. In the case where energy loss occurs, the transfer of energy 

depends on the impact parameter b and the atomic radius a, which are shown in Fig. 2-3. 

Three types of energy transfer can occur: 

1. Soft collisions (b »a). In this case, the electron interacts with the whole 

atom and transfers a small amount of energy to orbital electrons, either 

exciting or ionizing the atom. This is the most common type of 

interaction, but because little energy is transferred the electron will lose 

about half its energy through soft collisions. 

2. Hard collisions (b ~ a). In this case, the incoming electron interacts with 

and can transfer up to half of its kinetic energy to a single orbital electron. 

These electrons can be ejected from the atom and have gained sufficient 

energy in the collision to ionize other atoms. The electron with the higher 
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amount of kinetic energy after the collision is considered to be the incident 

e1ectron. Thus, the maximwn energy transfer is half the kinetic energy 

because the particles are indistinguishable. An incoming positron, on the 

other hand, is distinguishable from an orbital electron and so its maximwn 

energy loss is its total kinetic energy. Hard collisions are not as common 

as soft collisions, but the energy transferred is much larger, so this process 

accounts for about half of the energy loss of the incoming electron. 

3. Nuclear interactions (h «a). This process is the least likely of the three, 

due to the small impact parameter. In this process, the electron interacts 

with the coulomb field of the nucleus and is scattered. 98% of these 

interactions are elastic, where the electron is scattered with no loss of 

kinetic energy. 2% are inelastic, and the electron is scattered and loses 

energy in its deceleration. This energy is lost in the form of 

bremsstrahlung photons, and the power lost to these photons is determined 

from the Larmor relationship: 

(2.13) 

where q is the charge of the incoming partic1e, a is its acceleration, &0 is 

the permittivity of free space, and c is the speed of light. It is interesting to 

note that the power emitted is proportional to a. The acceleration, from 

Newton's second law, is in turn inversely proportional to the mass of the 

particle. Thus bremsstrahlung production is inversely proportional to ~ . 
m 

This means that bremsstrahlung production is only significant for light 

charged particles such as electrons and positrons. 

2.2.2.2 Stopping Power 

As an electron travels through a mediwn, it loses kinetic energy through the 

mechanisms defined in the last section. The amount of kinetic energy dEK lost by an 
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electron in a thickness dx of a medium lS called the linear stopping power of that 

medium: 

S= dEK • 

dx 
(2.14) 

A conventional form of stopping power used is the mass stopping power, which takes into 

account the density p (with units g/ cm3
) of the medium: 

§... dEK 

p pdx 
(2.15) 

The units of stopping power and mass stopping power are usually expressed as MeV/cm 

and MeV ·cm2/g, respectively. 

There are two components of stopping power: 

1. collisional stopping power, where energy is lost due to atomic excitations and 

ionizatons resulting from hard and soft collisions, and 

2. radiative stopping power, where energy is lost to bremsstrahlung radiation. 

Thus mass stopping power can be divided into these two components: 

(2.16) 

The components are distinctive because collisional stopping power is used to determine 

the absorbed dose in the medium, while radiative stopping power carries energy away 

from the area, and thus does not contribute to the absorbed dose. 

Mass Radiative Stopping Power 

The equation for mass radiative stopping power is:3 
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(2.17) 

1 
where NA is Avogadro' s nurnber, a ~ - is the fine structure constant, re is the 

137 

c1assical electron radius, A is the atomic mass nurnber, Z is the atomic nurnber, EK is 

the electron kinetic energy, mec2 is the electron rest mass energy, and Br is a function of 

Z and the total electron energy that slowly varies from .!i (for energies less than 
3 

0.5 MeV) to 15 (for 100 MeV). For aIl elements except hydrogen, the ratio Z is 
A 

approximately 0.5. This means that the mass radiative stopping power is approximately 

proportional to Z, the atomic nurnber of the absorber. 

Mass Collisional Stopping Power 

The equation for mass collisionai stopping power for light charged partic1es iS:4 

(2.18) 

where, for electrons, 

nT) = (1-p'l[1 + r: -C2r+I)ln2], (2.19) 

and for positrons, (2.20) 

F+ (r) = 2ln2 _(P2 )[23 +J.±..-+ 10 2 + 4 3]. 
12 r+2 (r+2) (r+2) 

In these equations, 1 is the mean excitation energy f3 = v / c (the partic1e velo city v 

normalized by the speed of light c) and r = EK / mec2 (the partic1e kinetic energy EK 
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normalized by the rest mass energy of an electron mec2), and 8 is the density effect, 

which is explained below. 

The mean excitation energy is the average energy needed in an atom in order to 

excite any orbital electron, and it is only dependent on the type of atom (stopping 

medium). Values are given in ICRU Report 37,4 but it is roughly approximated by 

(11.5 eV)Z? 

The density effect takes into account the fact that Coulomb fields of distant 

partic1es are screened by polarization due to passing charged partic1es. This screening 

limits the amount of energy that could be transferred, decreasing the stopping power. The 

density effect differs with type of material, but it is not important in gases, which have a 

low density of atoms compared to liquids and solids. 

2.3 Dosimetric Quantities 

2.3.1 Particle Fluence 

A fundamental quantity in radiation dosimetry, upon which many other quantities 

are based, is called partic1e fluence. Partic1e fluence <D (units m-2
) is defined as the 

number of partic1es dN that are incident on a sphere of cross-sectional area dA : 

<D= dN. 
dA 

(2.21) 

The incident partic1es are counted over the entire sphere (shown in Fig. 2-4), so there will 

always be an area dA perpendicular to each partic1e. Thus the partic1e fluence is 

independent of incident angle. A similar quantity is called planar partic1e fluence, which 

is the number of particles crossing a plane per unit area. Planar fluence is thus dependent 

on the particle angle of incidence. 
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Figure 2-4. Role of angle of incidence in particle fluence and planar fluence. Particle fluence is 
independent of angle, while planar fluence is dependent on angle. 

2.3.2 Energy Fluence 

Energy fluence \}' (units J/m-2
) is similar to particle fluence, but it also takes into 

account the energy of the particles that are incident on the sphere of cross-sectional area 

dA: 

(2.22) 

This is the case for monoenergetic particles. When a particle beam is polyenergetic, as is 

usually the case, the spectrum of energies must be taken into account. cDE(E) is the 

particle fluence spectrum: 

cD (E) = dN(E) 
E dA' 

(2.23) 

where dN(E) is the number of particles with energy E. \}' E(E) is the energy fluence 

spectrum, which is determined from the particle fluence spectrum: 
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\f E (E) = <l> E (E) . E (2.24) 

The total energy fluence is: 

Emax 

\f = f <l>E(E)· EdE (2.25) 
o 

where the particle fluence spectrum is integrated over the range of energies. 

2.3.3 Kerma 

Kerma stands for Kinetic Energy Released per unit MAss. It is a quantity used in 

indirectly ionizing radiation, where energy from neutraI partic1es such as photons and 

neutrons is transferred to charged partic1es in matter. Kerma does not take into account 

what happens to the energy after it is transferred. It is defined as the mean energy 

transferred dEtr per unit mass dm of the medium: 

K= dEtr • 

dm 
(2.26) 

By this definition, the units of kerma are the same as absorbed dose, and the unit 

gray aIso applies here (1 Gy = 1 JjKg). Kerma can aiso be related to the energy fluence 

\}' through (litr J ' the average mass energy transfer coefficient in the medium: 
P med 

K = \}'(litr J . 
P med 

(2.27) 

This relationship is helpful in relating kerma in two different materials if the fluence in 

two media is the same. This is done by taking the ratio of equation (2.27) for the 

materiaIs composing the two media medJ and med2 : 

(2.28) 
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The energy transferred from indirectly ionizing radiation to charged particles in 

the medium can be divided into two categories: 

1. energy expended through soft and hard collisions, and 

2. energy expended through radiative interactions such as bremsstrahlung and 

in-flight annihilation. 

In the first case, energy is transferred directly to the medium. In the second case, energy 

leaves the volume of interest in the form of photons. These differences are divided into 

two components of kerma: 

K = Kcol/ + Krad , (2.29) 

where Kcol/ is the collisional component and Krad is the radiative component. The 

fraction of energy lost through radiative interactions is called g , so the fraction expended 

through collisions is (1- g). Thus collisional kerma can also be written as: 

Kcol/ = K(l- g), (2.30) 

and radiative kerma can be written as: 

(2.31) 

2.3.4 Exposure 

When a volume of air is irradiated by ionizing radiation, charge is produced in the 

volume. Exposure X describes this amount of charge. Its formaI definition is the 

amount of charge dQ of ions of one sign produced in a volume of dry air of mass dm 

when all the charged particles produced by photons are completely stopped in air: 

X=dQ. 
dm 
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By this definition, the units of exposure in S.I notation are C/kg. The historical unit of 

exposure is the roentgen, and its value is 1 R = 2.58 x 10-4 C/kg. Exposure does not 

include enetgy losses to the produced charged particles by radiative processes. Exposure 

can thus be considered to be the ionization equivalent of collisional kerma, and the two 

can be related. This is done by introducing the amount of energy that is required to 

produce an ion pair in dry air. This ratio is expressed as (: t and ilS currently 

accepted value is:3 

(:1.. ~33.97 J/e. (2.33) 

The amount of energy required to pro duce an ion pair ( : J., ' multiplied by the amount 

of charge produced per unit mass of a medium (~:), will thus give the amount of 

energy deposited in a mass of air ( !; ). Therefore, exposure is related to coUisional 

kerma by: 

(2.34) 

Exposure can then be related to total kerma by using equation (2.30): 

(2.35) 

2.3.5 Charged Particle Equilibrium 

The goal in radiation dosimetry is to determine absorbed dose. Although a beam 

of photons transfers energy to charged particles (kinetic energy released to matter, or 

kerma), that energy is not deposited at the position where the transfer occurs. Due to the 
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range of charged particles, energy is deposited at a different location. The absorbed dose 

can efficiently be determined from kerma but only under conditions of charged particle 

equilibrium (CPE). If CPE does not exist, relating kerma to absorbed dose can be 

complex. CPE exists when a charged particle that is exiting a volume is replaced by an 

identical charged particle (i.e. same particle type and energy) entering the volume. Thus 

the number of like charged particles within the volume remains the same, so the absorbed 

dose is the same as the kerma. In the volume, the ratio of absorbed dose, D, to collisional 

kerma, Keol' is given by: 

f3 = DI Keol (2.36) 

This ratio depends on the beam energy and the material in which energy transfer takes 

place. 

A common example illustrating CPE (and lack thereof) is given in section 2.6.1. 

Section 2.6 explains the complexities of non-equilibrium radiation dosimetry. 

2.4 Cavity Theory 

Dosimeters are necessary in order to measure the absorbed dose in a medium. 

However, the dosimeter only produces a signal that is related to the absorbed dose in the 

medium of its own sensitive volume, rather than the absorbed dose to the medium in 

which the dosimeter is inserted. These media are not necessarily the same, thus resulting 

in a cavity in the surrounding medium. In clinical ioniz~tion dosimetry, the cavity is 

commonly air and the surrounding medium is water. In order to determine the absorbed 

dose to the surrounding medium from the dose to the cavity, cavity theory is used. 

In cavity theory, the relative size of the cavity is determined by the range of 

secondary charged particles that are produced by the photon beam. A small cavity, 

therefore, is determined by secondary charged particles whose range is large compared to 

the size of the cavity. This small cavity is the basis for two cavity theories called the 

Bragg-Gray and the Spencer-Attix theories. 
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2.4.1 Bragg-Gray Cavity Theory 

The Bragg-Gray cavity theory was developed in order to relate the absorbed dose 

in a detector medium to the absorbed dose of the medium in which the detector is placed. 

There are two conditions that must apply in order for Bragg-Gray cavity theory to 

apply:3 

1. The cavity must be small, compared to the range of secondary charged 

particles incident on it, so that the tluence of charged particles is not 

perturbed by the cavity. 

2. The absorbed dose in the cavity is only due to interactions of charged 

particles crossing it, rather than interactions of photons. 

In a volume of interest in a medium, the absorbed dose Dmed is related to the 

electron tluence <t> med by the following relationship: 

D <t> (Seau J med = med -- , 

P med 

(2.37) 

where (Seau J is the unrestricted mass collisional stopping power of the medium, 
P med 

averaged over the electron energy spectrurn. This relationship assumes that radiative 

photons escape the volume of interest and that secondary charged particles are absorbed 

on the spot when they are produced. In reality, charged particles travel sorne finite 

distance before being absorbed, and may leave the volume. However, in regions of CPE 

these charged particles that leave the volume are replaced by others that enter, and the 

assumption holds. The absorbed doses to two different media where CPE exists, then, 

can be related as the following ratio: 
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where <I>::~~ is the ratio of electron fluences in the different media and SeaU is the (
- Jmedl 

p med
2 

ratio of averaged unrestricted mass collisional stopping powers in the different media. If 

we apply condition 1 of Bragg-Gray cavity theory, the charged partic1e fluence is the 

same for both media and <I>::~I = 1. Condition 2 implies that no secondary charged 
2 

partic1es are produced inside the cavity, and those produced outside completely cross the 

cavity. Assuming these two conditions, and applying the Bragg-Gray cavity theory 

conditions, equation 2.38 can be written as: 

( - J
med 

~med = SeoU , 

cav P cav 

(2.39) 

where cav refers to the cavity medium and med refers to the medium surrounding the 

cavity. In order for this relationship to exist, CPE must be present. Due to the conditions, 

Bragg-Gray cavity theory is dependent on the size of the cavity, the electron range, and 

cavity medium. For example, a cavity that is small enough to qualify as a Bragg-Gray 

cavity in a high-energy photon beam may not qualify in a lower-energy x-ray beam 

because its size is too large compared to the range of secondary charged partic1es crossing 

it. 

2.4.2 Spencer-Attix Cavity Theory 

The Spencer-Attix cavity theory5 was developed with the purpose of extending the 

Bragg-Gray Cavity theory to inc1ude the creation of secondary charged partic1es produced 

in the slowing down process of the primary electrons crossing the cavity. This theory is 

c10ser to reality in that it takes into account the production of secondary electrons that 

may have sufficient energy to generate further ionizations or excitations, or to even 
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escape from the cavity. In Spencer-Attix cavity theory, Bragg-Gray conditions still must 

be met not only by the primary charged partic1es, but aIso by the secondary charged 

partic1es. 

Electrons in the spectrum of secondary charged partic1es (delta electrons) have a 

maximum kinetic energy EKo ' which is the initial energy of the primary electrons. Delta 

electrons that cannot make it out of the cavity, and deposit aU their energy inside the 

cavity, are considered "slow" electrons. These slow electrons have a kinetic energy EK 

that is less than the energy ~. ~ is defined as the energy of an electron with a range that 

is equal to the mean chord length across the cavity, and is thus related to the cavity size. 

Sorne of the delta electrons can escape the cavity and are considered "fast" electrons, in 

that they contribute to energy transfer in the cavity in the slowing down process but are 

not absorbed themselves. Thus fast electrons have energy in the range of ~ to EK , and 
o 

energy lost by these electrons in the cavity is inc1uded in the dose calculation. If a fast 

electron has energy EK in the range ~::::; EKo < 2~, the maximum energy transferred is 

E 
~ < ~. If a fast electron has energy EK in the range 2~::::; EK < EKo ' the maximum 

2 

energy transferred is ~. Thus the stopping power must be restricted to the threshold ~, 

and is called the mean restricted mass collisional stopping power L!J. (EK). According to 
p 

Spencer-Attix theory, the absorbed dose to the medium is related to the absorbed dose to 

the cavity: 

( - J
med 

~med = L!J. 
cav p COY 

(2.40) 

The ratio of mean restricted mass collisional stopping powers is fully expressed as:6 

EKO 

(LA J md = L <I>~::" (JE. )( LA,.." / P )dEK + TE.", 

P cav f <f>~:d,o (EK)(L!J.,cav / p)dEK + TEcav 

(2.41) 

!J. 
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where <t>;:d,O is the fluence of fast electrons, and TEmed and TEcav are called the track-end 

terms. These terms take into account electrons with energies in the range 11 ~ EK < 211 , 

that have energy losses in the cavity which bring their energies below 11. These electrons 

are thus removed from the fast electron spectrum, and the track-end terms are 

approximated as: 

(2.42) 

and 

TE = <t>med,o (11) Scav (11) A cav E il • 
K P 

(2.43) 

Ionization chambers used in radiation therapy typically have a cut-off energy on 

the order of about 10 ke V in order to restrict secondary electrons that might deposit 

energy outside of the volume which can be less than a cubic centimetre. 

2.5 Air-kerma-in-air-based Protocols 

Protocols exist in order to determine the absorbed dose to water based on a signal 

obtained by a detector. They supply the method and other data needed for this 

conversion. Air-kerma-based protocols such as AAPM TG-21 7 use the air-kerma-in-air 

calibration coefficient N K,Co to relate a chamber signal corrected for influence quantities 

M Q to the air-kerma-in-air (Kair )air : 

(2.44) 

In these protocols, (Kair)air is known in a calibration beam such as 60 Co, and a value for 

N K,Co is determined. The dose-to-air in the cavity in the calibration beam is related to 
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(2.45) 

where g is the fraction of photon energy that is radiated away as a result of electrons 

slowing down in air, km corrects for the difference in material between air and the cavity 

wall and build-up cap, kat! corrects for photon attenuation and scatter in the chamber 

wall, and kce1 corrects for the difference between the chamber central electrode material 

and air. The dose-to-air calibration coefficient relates the relate a chamber signal 

corrected for influence quantities M Q to the dose-to-air Dair : 

N . = Dair 
D,arr M 

Q 

(2.46) 

This coefficient would not have to be determined in a standards laboratory if the sensitive 

volume of the chamber were known, because the dose to the air is given by: 

D. = Qair (wJ &r , 

m· e 
aIr air 

(2.47) 

where Qair is the charged produced in the chamber, mair is the mass of the air, and 

(:J. is the amount of energy that is required to pro duce an ion pair in air. The mass of 
Qlr 

the air is the product of the air density and the sensitive volume. The volume, however, is 

generally not accurately known, and thus the dose-to-air calibration coefficient must be 

determined in the standards laboratory where chambers of known volume are used. 

Isolating (Kair )air in equation 2.44 and substituting into equation 2.45, the dose-to­

air is related to the dose-to-air calibration coefficient: 

(2.48) 

which can be substituted into equation 2.46 to express the dose-to-air calibration 

coefficient in terms of the air-kerma-in-air calibration coefficient: 
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(2.49) 

In the user's beam, then, the absorbed-dose-to-medium (such as water), can be 

determined from the Bragg-Gray relation in equation 2.39: 

( 
- )med .r;;ed = S co// 

aIr P aIr 

(2.50) 

A measurement MQ is taken in the user beam. The dose to air Dair is simply NO,airMQ 

(from equation 2.46). This, along with the expression for No,air in equation 2.50, is 

substituted into the Bragg-Gray relationship to give an expression for the absorbed-dose­

to-medium in terms of the air-kerma-in-air calibration coefficient that was determined in 

the calibration beam: 

(2.51) 

where PQ is a perturbation correction factor, accounting for the replacement of the 

medium with air, for the non-water equivalence of the chamber wall and central 

electrode, and charged particle in-scattering (explained in section 3.3.2). 

2.6 Absorbed-dose-to-water-based Proto cols 

The goal in radiation dosimetry is to determine the absorbed dose to water and we 

have seen that the goal of air-kerma-based protocols is to accomplish this. Other 

protocols, however, attempt to determine the absorbed dose to water directly, without 

going through an air-kerma calibration free-in-air. The most commonly-used absorbed­

dose-to-water-based protocols are the IAEA TRS-3988 and the AAPM TG-51 9 protocols. 

In these protocols, calibrations of ion chambers are made in water based on reference 

conditions in a reference radiation beam, usually 60 Co , where a chamber-specific 

calibration coefficient is assigned. This coefficient, Ng~, relates the absorbed dose to 

water, D;o, at a reference depth in the reference beam, Qo, to the corrected chamber 

reading, MQo' as given in equation 2.52. 
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D Qo =MQoNQo 
W D,w' (2.52) 

The reading M Qo corrects the raw chamber reading M for properties that can change the 

signal such as physical properties of air, chamber polarity effects, ion recombination 

effects, and stem effects. These influence quantities are further defined later in section 

3.2. The relationship in equation 2.52 exists for any beam with quality Q: 

D Q =MQNQ 
W D,w' (2.53) 

2.6.1 Bearn Quality Conversion Factor 

The calibration coefficient, N2,w , that relates the corrected reading to the absorbed 

dose in the user's beam, however, must also be related to the coefficient defined in the 

reference beam. The ratio of these two is called the beam quality conversion factor: 

(2.54) 

Solving equation 2.54 for NE,w and substituting into equation 2.53 will give the absorbed 

dose to water in the user's beam: 

(2.55) 

If the chamber is not inherently waterproof, a sleeve may have to be used while being 

irradiated in a water phantom by the reference beam. In this case, the same or a similar 

sleeve must be used while calibrating in the user' s beam. The reference calibration 

coefficient is chamber dependent, so the beam quality conversion factor is as well. The 

protocols provide different values of kQ for many commercial chambers, so that the user 

need only acquire N?;,w from the standards laboratory in order to determine D~ . 
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2.6.2 Bearn Quality Specification 

In order to determine the absorbed dose to water, the ionization chamber reading 

must be multiplied by influence quantities and other physical quantities. These quantities 

depend on the properties of the chamber, but sorne also depend on the radiation beam that 

is used. For this reason, beam qualities must be specified. Practical approaches have 

been developed in order to specify the beam quality of kilovoltage x-ray beams, 

megavoltage photon beams, and megavoltage electron beams. Here we will discuss the 

latter two, as megavoltage beams were used in this research. 

2.6.2.1 Megavoltage Photon Bearns 

One simple way would be to assign photon beam nominal energies as beam 

quality specifiers (i.e. 6 MV, 18 MV) but the se beams are not monoenergetic due to the 

large photon spectrum that is produced by the electron beam interacting with the target. 

While older protocols did use nominal accelerating potential as a specifier, modem 

protocols use specifiers that distinguish the uniqueness of each beam. The lAEA 

protocol8 uses the tissue phantom ratio TPR~g which is defined as the ratio of doses at 20 

cm and 10 cm in water along the central axis of a beam with a field size of 10xl0 cm2 at 

the detector depth, with a constant source to detector distance of 100 cm. The AAPM 

TG-51 protocol9 uses the percent depth dose %dd(10)x which is defined as the 

percentage of dose at 10 cm depth compared to the dose at depth of maximum dose for a 

beam with field size of 10xl0 cm2 at the phantom surface, which must be held constant at 

100 cm SSD, with the unknown amount of electron contamination having been removed. 

This is accomplished by placing a 1 mm-thick lead foil in the path of the beam, 50 cm 

from the phantom surface. The foil minimizes the beam electron contamination and adds 

a known level of electron contamination which can be subtracted in order to 

determine %dd(lO)x. In clinical beams, both TPR~g and %dd(lO)x produce the same 

absorbed dose to water, and thus either are adequate for calibration of chambers in 
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clinical beams. TPR~g, however, is not appropriate for use in sorne beams at standards 

laboratories. 

2.6.2.2 Megavoltage Electron Beams 

The megavoltage electron beam produced by a linear accelerator is basically 

monoenergetic, but interactions with components of the linac and with air produce an 

energy spectrum by the time it reaches the surface of the phantom. Thus the nominal 

monoenergetic energy is not a sufficient beam quality specifier. For many years the 

average energy of the electron beam at the surface of the phantom Eo was used as a 

specifier by almost all dosimetry protocols. This quantity was determined using R50 , the 

depth at which the dose due to the beam is 50% of the maximum dose in a water 

phantom. The AAPM TG-21 protocof accomplishes this by multiplying R50 by a 

constant C which equals 2.33 MeV/cm. For the specification of stopping power ratios, 

one needs the specifiers E 0 and the practical range ~. 

Another useful quantity, though not a beam quality specifier, is the average energy 

of the beam at a depth in the phantom (E z ) where z is the depth in cm. TG-21 uses the 

Harder relationship to determine Ez from the depth and ~ : 

- - [ z] Ez =Eo 1- ~ . (2.56) 

The practical range of the electron beam is defined as the depth at which an 

extrapolation of the tangent at the steepest point on the dose falloff curve meets a 

backward extrapolation of the bremsstrahlung tai!. A typical electron beam depth dose 

curve, normalized to 100% at dmax (depth of maximum dose) is shown in Fig. 2.5 and 

illustrates the quantities dmax , R50 and ~ . 
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Figure 2-5. Percent depth dose curve for a typical electron beam in water. Shown are the depth of 50% 

dose Rso ' the practical range Rp , and depth of dose maximum dm"" . 

AAPM TG-51 uses Rso as a beam quality specifier for electron beams. The 

protocol also supplies an equation based on Monte Carlo simulations that converts 150 , 

the depth on the gradient-corrected ionization curve where the ionization is 50% of the 

maximum, to R50 : 

Rso = {
1.029150 -0.06 (cm) (for2~150 ~10cm) 

1.0591so -0.37 (cm) (for Iso> 10 cm) 
(2.57) 

In order to specify a beam based on a depth dose distribution, measurements of 

the curve along the central axis of the beam must be taken. This can be challenging, and 

it is usually performed in a water phantom with a diode detector or an ionization chamber, 

which of course needs to be water-proof. A diode detector is convenient for such a 

measurement as the mass collision stopping power ratio of diode material (e.g. silicon) to 

water is close to unit y over the different depths in the phantom. This means that the 
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detector can be considered energy independent, and the percent ionization curve 

measured with the diode detector need not be corrected in order to convert to a percent 

dose distribution curve. Ionization chambers, however, do show energy dependence due 

to the variability of mass collisional stopping power ratios water-to-air over a range of 

electron beam energies. In order to obtain the percent dose distribution curve, the percent 

ionization curve must thus be corrected for this variability in stopping power ratio. 

2.6.3 Calibration of Photon Beams 

In order to perform clinical reference dosimetry for photon beams, a cylindrical 

chamber must be used that has been calibrated in a reference beam at a national standards 

laboratory, with a calibration coefficient assigned. The beam must be open and the point 

of measurement in the chamber must be positioned at a depth of 10 cm in a water 

phantom on the beam central axis, with a field size of lOxlO cm2 at the surface (for a SSD 

setup) or at the detector depth (for a SAD setup), as shown in Fig. 2-6. 

Source Source 

Cham ber 

Cham ber 

SSDsetup SAD setup 

Figure 2-6. Source-to- surface distance (SSD) and source-to-axis distance (SAD) setups used for photon 
beam dosimetry. The chamber is at a depth d and the field size is z. Measurements in cm. 
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Cobalt beams may also be calibrated at the traditional reference depth of 5 cm in 

water. SSD and SAD are the distances normally used c1inically, generally 100 cm. kQ is 

determined from the protocols as a function of beam quality specification and chamber 

type. Thus the beam quality must first be determined by %dd(10)x (if using TG-SI) or 

TPR~g (if using TRS-398). A charge is measured and fully corrected for influence 

quantities. The corrected charge, beam quality conversion factor, and calibration 

coefficient may then be used in equation (2.46) to give the absorbed dose to water. 

2.6.4 Calibration of Electron Beams 

In order to perform clinical reference dosimetry for electron beams, a protocol 

must be chosen and its guidelines must be followed. The two most common protocols are 

shown in table 2-1. Determination of the absorbed dose to water in IAEA TRS-398 is 

given by equation (2.55), and values for kQ are listed in the protocol as a function of 

beam quality Rso and common chambers. 

QUANTITY IAEA TRS-398 GUIDELINES AAPM TG-51 GUIDELINES 
Chamber Rso < 4 cm: parallel-plate Rso :::; 2.6 cm : pp 

(PP) Rso :::; 4.3 cm : PP preferred 
R50 ~ 4 cm : cylindrical or PP Rso > 4 cm: cylindrical or pp 

Phantom Rso < 4 cm : water or Water 
Material equivalent plastic 

Rso ~ 4 cm : water 

Depth of drel = 0.6 Rso - 0.1 cm drel = 0.6 Rso - 0.1 cm 
measurement 
[cm] 
Position of PP: inner surface of front PP: inner surface of front 
chamber window at dref window at dref 

reference point Cylindrical: center of cavity at Cylindrical: center of cavity at 
dref + 0.5rca\> dref 

SSD (cm) 100 90-110 
Field size at 1 Ox 1 0, or the size used for Rso :::; 8.5 cm: z 2: 10 x 10 
surface [cm2

] normalization of output factors, Rso > 8.5 cm : z 2: 20 x 20 
whichever is larger 

Table 1-1. GUldelmes for electron beam cahbratlOn for absorbed-dose-to-water-based protocols AAPM 
TG-51 9 and IAEA TRS-398.8 
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AAPM TG-51, however, separates the beam quality conversion factor into two 

components for electron beams: 

(2.58) 

Pg~ is called the gradient correction factor and it corrects for a shift in point of 

measurement. The shift is produced by the fact that the chamber cavity, which is filled 

with air, is inserted into a lower density phantom. The electron fluence is different in air 

than in the surrounding medium, where the point of measurement is at a different depth 

than the centre of the ionization chamber (p;' is necessary only for cylindrical chambers; 

it is unity for parallel-plate chambers). This correction is dependent on the radius of the 

cavity, rcav ' and must be measured by the user. It is done by taking the ratio of readings 

with the central axis of the chamber at both dref and dref + O.5rcav : 

(2.59) 

kR;,o accounts for differences in beam quality that are not related to gradient effects. This 

factor is also separated into two components: 

(2.60) 

The component keca' is a the photon-electron beam quality conversion factor that accounts 

for differences between the reference beam (usually 60 Co) and an electron beam of 

quality Qecal' converting N2~w to N2::'. The electron beam quality conversion factor 

kR' further takes into account differences between Qecal and the electron beam quality of 
50 

interest, Q, converting Ng::' to NKw. keca' is chamber dependent, and values for it are 
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provided in TG-51 for various chambers. TG-51 also arbitrarily assigns Qecal to be an 

electron beam with a beam quality specification of R50 = 7.5 cm . k~o depends on the 

electron beam quality of interest, and its value may be determined using equations and 

graphs given in TG-51.9 The absorbed dose to water is thus 

DQ - MQpQk' k NQo 
w - gr Rso ecal D,w' (2.61) 

According to the protocols, parallel-plate chambers may be used for calibration of 

lower energy electron beams, provided that the chambers have been calibrated in a 60 Co 

beam. However, calibration coefficients for most parallel-plate chambers are not weIl 

established due to inconsistencies in certain correction factors. For this reason, it is 

recommended that aIl parallel-plate chambers should be cross-calibrated against a 

cylindrical cham ber in a high-energy electron beam, thereby eliminating the need to 

explicitly obtain a reference beam absorbed-dose calibration coefficient for the parallel­

plate chamber. This is done similarly in TG-51 and TRS-398. To illustrate, however, it 

is performed in TG-51 by first determining the electron beam quality and the reference 

depth. Then measurements are made with both chambers, their respective points of 

measurement at the reference depth. The product of kecalNg~w for the parallel-plate 

chamber is then determined to be: 

(2.62) 

where "cyl" and "pp" denote quantities related to the cylindrical and parallel-plate 

chambers, respectively. The product is then used in equation (2.61) to determine the 

absorbed dose to water. 

2.7 Complexities of N on-equilibrium Dosimetry 

The following sections illustrate common areas of radiation dosimetry where 

charged partic1e equilibrium does not fully exist: the build-up region of depth dose 
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curves, penumbra or field edges, and In regions where fields overlap (common in 

intensity modulated radiation therapy). 

2.7.1 Build-up Region 

A common example of CPE is shown in the following figures. Collisional kerma 

and absorbed dose are shown in Figs. 2-7 and 2-8 as a function of depth in a phantom that 

is irradiated with a beam of photons. Figure 2-7 is hypothetical, in that it does not take 

into account the effects of attenuation or scattering of the photon. 

Keol 

------------..:-.------------------

d max 

CPE 
«(3 = 1) 

Depth in phantom 

Figure 2-7. Graph of collisional kerma and absorbed dose as a function of depth in a phantom irradiated 
with a high-energy photon beam, where photon beam is not attenuated or scattered. 

This lack of attenuation means that a photon may interact with the matter and pro duce a 

secondary charged particle, yet the photon experiences no loss and may continue to 

pro duce similar charge particles at further depths. Thus the kerma at each depth is the 

same. The secondary charged particles, however, travel a certain distance downstream 

and deposit their energy at a different depth. The build-up region is present because there 
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are fewer charged particles present before the phantom surface that can add to the 

absorbed dose. As the depth increases, more charged particles produced in the phantom 

are available to deposit energy and contribute to the absorbed dose. 

Eventually, the range of these secondary charged particles is reached, and the 

amount of absorbed dose reaches a maximum. CPE exists from this point on, and kerma 

and absorbed dose are the same. This is because the number of charge particles leaving a 

volume is always replaced with the same amount entering from upstream. 

Kcoi 
--- ---- __ (JJ = 1) -.-

Build-up 
Region 
(ft < 1) 

d max 

TCPE 
(JJ > 1) 

Depth in phantom 

Figure 2-8. Graph of collisional kerma and absorbed dose as a function of depth in a phantom irradiated 
with a high-energy photon beam, where photon beam is attenuated and scattered. 

Figure 2-8 restores the effects of attenuation and scattering of the photon beam, 

which decreases the photon fluence as it travels through the phantom. Due to this, the 

collisional kerma begins at a maximum and decreases with depth. A build-up region is 

again present in the absorbed dose curve for the same reasons as before, and f3 < 1. As a 

reminder, f3 is defined as the ratio of absorbed dose, D, to collisional kerma, Kcol. 

However, CPE only exists at the depth of maximum dose and f3 = 1, beyond which the 
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absorbed dose curve is shifted slightly downstream. This shift is due to fact that the 

charged partic1es that are produced in the slowing down process carry their energy a small 

distance downstream before depositing their energy. However, the absorbed dose 

decreases with depth after dmax at the same rate as the kerma. In this region, transient 

charged partic1e equilibrium (TCPE) exists because the relationship between kerma and 

absorbed dose is constant (fJ > 1 ). 

2.7.2 Penumbra 

The size of a radiation field is expressed with specifie dimensions, such as 

lOxlO cm2
, but the dose distribution at different depths in a phantom can be quite 

complex. Usually, the geometric field size is defined as the width of the profile at the 

50% dose level point. Past this width (and apparently outside the geometrically-defined 

light field), the dose profile is not zero. The dose measured in this region (called the 

penumbra) is due to three components. The first is geometric penumbra, l and is shown in 

Fig. 2-9. The radiation beam focal spot is of finite size due to an electron beam of non­

zero width that strikes the target in the linac head. Due to this finite source size, the side 

regions (regions 2 and 3 in the figure) of each depth in the phantom are exposed to only 

part of the source, and that part gets smaller as the distance from the central axis is 

increased. The dose due to geometric penumbra thus decreases with increasing distance 

from the central axis. 
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Focal spot 

Region 2 Region 1 Region 3 

Figure 2-9. Geometrie penumbra due to fmite size of focal spot. Points in region 1 see the entire focal 
spot, while points in regions 2 and 3 see only a portion of the focal spot. 

The second component is transmission penumbra.3 In this component, the linac 

collimator jaws define the radiation field size but photons can still pass through a portion 

of the jaws and contribute to the dose outside of the field. The third component is called 

scatter penumbra? Photons may scatter from inside the field and create charged particles 

that deposit dose outside. AIso, secondary charged particles from inside the field may 

travel the length of their range outside of the field, contributing to the dose. Past the 

penumbra, beam profiles show a low amount of absorbed dose. This region is called the 

umbra and the dose is due to the low amounts of radiation that do escape through the 

collimator and linac head shielding. 

The lack of CPE in the penumbral reglOn (i.e. lateral charged particle 

disequilibrium) can be more easily understood if the assumption is made that the focal 

spot is considered to be a point source, i.e. that it has no finite size. In this case, there is 

no geometric penumbra and the edges of the photon beam field are sharp. The resulting 

kerma distribution is constant anywhere within the field and zero outside, as shown in 
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Fig. 2-10. Secondary charged particles, however, are produced by the photons interacting 

with phantom material, and although they generally travel in a downstream direction, 

sorne scatter sideways and deposit their energy outside of the photon beam field. A scatter 

penumbra on the absorbed dose curve (also shown in Fig. 2-10) is the result, since at the 

field edge there are no secondary particles from outside the field that could be scattered. 

Kerma and absorbed dose are not the same, and CPE is thus not present. 
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Figure 2-10. Lateral charged particle disequilibrium. Scatter from both sides contributes to maximum 
absorbed dose at point A, and CPE is present. Inside the beam but close to the edge, point 
B receives fewer charged particle tracks than point A, and thus has a lower absorbed dose. 
Outside the beam, point C receives dose due to charged particles scattered from inside the 
field only. The kerma distribution is sharp due to a photon beam with an infinitesimal 
source, thus no CPE is present at the field edge and in the penumbra. 

2.7.3 IMRT and Overlapping Fields 

Multileaf collimators are often used in linear accelerators to produce irregular­

shaped radiation fields. These collimators are comprised of 20 to 60 pairs of leaves that 

can be formed to create a wide variety of field shapes, helping to better conform the dose 

distribution. These fields have uniform intensity. In order to conform even closer, a 

number of these irregular sub-fields can be used in what is called intensity modulated 

radiation therapy (IMRT).3 lntensity modulation in this case refers to the beam intensity 

44 



that changes with each field used. Two difficulties concerning charged partic1e 

equilibrium arise with IMRT. The first is that IMRT subfields may be quite smaH, and 

these fields' output factors are not defined due to lack of lateral charged partic1e 

equilibrium. A second problem arises due to the fact that sub-fields overlap each other. 

In principle, this should actually help in overcoming lateral charged partic1e equilibrium. 

To understand this, it is c1ear that one sub-field will have a penumbra due to lack of 

charged partic1es contributing from outside the radiation field, as shown in Fig. 2-10. If 

more fields overlap one another, these charged partic1es are now present to contribute to 

the dose at the field edge, and thus the penumbra disappears and the dose does not faH off 

within the region oftreatment. In reality, however, IMRT fields still exhibit lack ofCPE 

at overlap despite these compensating fields due to imperfect field shaping and MLC 

"tongue and groove" effects (where underdosage occurs because either a leaf tongue or 

groove, or both, always covers the region between two leaves ).10 
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Chapter 3 

Standard Air Ionization Chambers 

3.1 Introduction 

Air ionization chambers are most often used for measuring absorbed dose. The 

most common types are parallel-plate and cylindrical (or "thimble") chambers. They are 

both designed with three types of electrodes necessary for defining the sensitive volume 

where the number of ions that are produced will be measured. The polarizing electrode is 

connected to the power supply and is parallel to the collecting electrode. An electric field 

is produced across the gap between the polarizing and collecting electrode. The 

collecting electrode is also connected to an electrometer, which can measure the charge 

that is produced in the sensitive volume and then deposited on it. The guard electrode is 

at the same potential as the collecting electrode and is necessary so that the edges of the 

sensitive volume are well defined and so that unwanted chamber leakage currents are 

excluded from the measurement. 

A typical parallel-plate ionization chamber is shown in Fig. 3-1, so called because 

the polarizing and collecting electrodes are parallel on opposing sides of the sensitive 

volume. These chambers are most often used for calibration of superficial photon beams, 

lower-energy electron beams and for measuring surface dose and build up-regions in 

high-energy photon beams. They are used for the latter because the flat design and point 

of measurement allow for positioning close to the surface in a water phantom. A typical 

cylindrical chamber is shown in Fig 3-2. These are more common, and are used to 

calibrate electron beams above 10 MeV, ortho voltage x-ray beams and high energy 

photon beams. 
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Figure 3-1. Schematic diagram ofthe inner circuitry for a parallel-plate ionization chamber. 
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Figure 3-2. Schematic diagram of the inner circuitry for a cylindrical ionization chamber. 
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3.2 Correction Factors for Air Chambers 

An air ionization chamber produces a signal that is converted to dose through 

calibration coefficients. Additional factors must be taken into account as well in order to 

correct for influence quantities such as the physical properties of air, chamber polarity 

effects, ion recombination effects, leakage effects, and stem effects. During measurement, 

these properties can be different than when reference measurements were made, and thus 

must be corrected. 

3.2.1 Temperature, Pressure, and Humidity Effects 

Air ionization chambers use air as the medium in the sensitive volume, but the air 

is not generally sealed inside. The air is open to the atmosphere and thus its physical 

properties such as temperature, pressure, and humidity are affected by outside conditions. 

A low density gas such as air can be characterized by the ideal gas law, l which includes 

many of the gas' properties: 

PV=nRT. (3.1) 

In this equation, P is the gas pressure, V is the volume, n is the number of moles of gas, R 

is a constant, and T is the temperature. Isolating the number of moles, we have: 

PV 
n=-

RT' 
(3.2) 

and we see that when the volume remains constant, the number of moles is proportional 

to the gas pressure and inversely proportional to the gas temperature. The chamber 

reading depends on the number of molecules of air in the chamber, so we see that a higher 

air pressure will increase the chamber signal and a higher air temperature will decrease 

the chamber signal. 

Calibrations of air chambers in standards laboratories are related to defined 

reference conditions, and clinical measurements are then corrected to these references. 
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Reference conditions (denoted by a subscript 0) are 1'0 = 22°C (only in North America; 

Europe uses 20°C) and Po = 101.325 kPa. Thus the factor used to correct the effects of 

atmospheric pressure P and temperature T on air is? 

p = Po ~= 101.33 (273.2+T) 
T,P P T, P 295.2 o 

(3.3) 

where the temperature is expressed in degrees Celsius. 

Relative humidity effects are negligible between 10% and 70% so this correction 

factor is generally not included.3 

3.2.2 Polarity Effects 

A reading of an ionization chamber may be affected differently for opposite 

polarizations under the same irradiation conditions. This polarity effect can be corrected 

for by taking readings at positive and negative chamber polarities, M+ and M_ , 

respectively. These readings are used to determine the correction factor, which, when 

multiplied by the reading taken at the polarity M that is normally used for measurements 

(either M+ or M_), will give the mean of the absolute values of the readings:2 

(3.4) 

The polarity effect is almost negligible for depths greater than the depth of maximum 

dose in a phantom irradiated with megavoltage photon beams. For electron beams and in 

the build up region of photon beams, however, this effect can be considerable. It has 

been shown that this effect is dependent on the dimensions of the electrodes and 

orientation in the beam.4 
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3.2.3 Recombination Effects 

When an ion chamber is irradiated, ions are produced in the sensitive volume. 

The charge from these ions is measured by the collecting electrode, and the absorbed dose 

is determined based on this reading. Because the electrodes on opposite ends of the 

sensitive volume are oppositely polarized, each attracts ions of opposite charge. During 

collection, positive and negative ions may recombine with each other and not be 

collected. This me ans the reading does not adequately describe how many ions were 

produced and corrections for ion recombination must be made. There are two main 

mechanisms of recombination: initial recombination, where ions produced along the same 

electron track recombine, and general recombination, where ions produced along different 

electron tracks recombine once the initial track structure has been destroyed.5 A third 

mechanism is also included in the recombination correction, called ionic diffusion, where 

ions of a specific sign diffuse against the electric field and are collected by the wrong 

electrode. Diffusion is included in this correction because it plays a part in the loss of 

correct ion collection as do the mechanisms of recombination. 

Recombination is dependent on the applied electric field. As the electric field 

increases, fewer ions are allowed to recombine. The relationship between applied voltage 

and ionization CUITent is shown in Fig. 3-3 and is called a saturation curve. The CUITent 

increases with increasing voltage and eventually the voltage is high enough to allow very 

little recombination to occur, and saturation occurs. As the voltage continues to increase, 

more energy is being given to the produced electrons, which are then able to ionize other 

atoms. Charge multiplication then takes place and the signal obtained is no longer related 

to the dose delivered to the point. 
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Figure 3-3. Air ionization chamber saturation curve. As low applied potential increases, fewer ions 
recombine and the signal increases. Eventually most produced ions are collected and the 
saturation region is reached. 

There are three categories of radiation beams into which effects of recombination 

can be placed. These are: continuous radiation beams such as isotope beams and 

orthovoltage x-ray beams, pulsed radiation beams such as linear accelerator photon and 

electron beams, and scanned pulsed beams such as scanned linear accelerator beams. 

These categories exist because recombination is accounted for differently in each. 

3.2.3.1 Initial Recombination 

Because initial recombination occurs between ions produced along the same 

electron track, it is independent of the number of tracks produced in the sensitive volume. 

Thus it is independent of the dose rate. It does, however, depend upon the density of 

atoms that lie in the path of the electron as weIl as the field strength. In Fig. 3-3 we see 
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the effects of initial recombination in the linear region at low electric fields. As the 

electric field increases, fewer positive and negative ions are allowed to recombine and the 

current increases. Response from gas-filled ionization chambers exhibits little initial 

recombination due to the low density, and this effect is generally negligible at electric 

fields used in clinical ion chambers. It does become important, however, when discussing 

recombination effects in liquid-filled ionization chambers, due to the high ionization 

density.6 In this case, as we shall see in a later section on recombination in liquids, 

saturation is never actually achieved due to initial recombination. 

3.2.3.2 General Recombination 

In air chambers, general recombination is the largest contributor to the difference 

between measured charge and produced charge. Because it occurs between ions of 

opposite signs produced along different electron tracks, general recombination is 

dependent on dose rate, i.e. the number of ionizing particle tracks per unit time in the 

volume. It has been weIl described in both continuous and pulsed radiation beams. 

Continuo us Radiation Beams 

General recombination in continuous radiation beams, such as those produced by 

radioactive isotopes, has been described in terms of the collection efficiency of an 

ionization chamber. Collection efficiency (f) is defined as the ratio of the charge 

collected (Q') to the charged produced (Q) in the sensitive volume during irradiation. 

The charge produced is, of course, not initially known, but the efficiency can also be 

written as: 

1 
f = 1+.;2 ' 

(3.5) 

where .; is determined for parallel-plate chambers in continuous beams to be: 

(3.6) 
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where: 

m = ~6e;k2 (3.7) 

In these equations, a [ m3 
• S·I ] is the recombination rate constant, kl and k2 [m. V·I . S·I ] 

are the positive and negative ion mobilities, respectively, e = 1.602 x 10-19 C is the charge 

of an electron, d [cm] is the plate separation, U [V] is the applied potential, and 

m=1.219x10-7 (m.C)li.V·I.s·li is a gas constant for air. q=.fL is the charge Q [Cl 
Vt 

liberated in the volume V [ m3 
] per unit time t [s]. 

J. W. Boag presented a formerly-used empirical procedure that described a 

relationship between the reciprocal of the measured ionization CUITent i and the field 

strength X between the plates, where general recombination was dominant:5 

1 1 constant 
-=-+---=--. X 2 

10 
(3.8) 

To obtain this relationship, we can combine equations 3.5, 3.6 and 3.7, and rewrite them 

as 

(3.9) 

We can change this into the form of equation 3.8 by isolating ~ : 
Q' 

(3.10) 
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where 

(3.11) 

The linear relationship between _1 and ~2 allows for a determination of collection 
Q' V 

efficiency (and thus a recombination correction) using what is called the Iwo-voltage 

technique. According to AAPM TG-51 protocol,2 a raw reading M:w is taken at the 

normal operating voltage VH • A second reading, M!w, is taken at a lower voltage, VL , 

under the same conditions of irradiation. The correction for ion recombination is then 

1 (v, IV, )2 
P (V, ) =! = M Sal = - H L 

IOn H f MH MH jML -(V IV)2 
raw raw raw H L 

(3.12) 

where M Sal is the saturation signal reached as V approaches infinity (i.e. the total charge 

produced in the sensitive volume). IAEA TRS-398 protocoC uses different notation but 

the procedure is the same. 

Pulsed Radiation Beams 

The collection efficiency of a chamber irradiated with a pulsed radiation beam is 

expressed as: 

where 

and 

1 
f = -inCl + u) , 

u 

r 2 
U = J.l-d 

U 

(3.13) 

(3.14) 

(3.15) 
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In these equations, r is the amount of charge per unit volume and radiation pulse liberated 

by radiation and escaping initial recombination, and the other quantities were defined 

earlier. A linear relationship exists between _1 and ~ (rather than ~2 ) in the near 
Q' V V 

saturation region for pulsed beams. Thus the two-voltage technique helps us to determine 

a recombination correction that is similar to the one determined for a continuous beam: 

(3.16) 

This method is used by AAPM TG-51 protocol. 

The IAEA TRS-398 protocol also recommends using the two-voltage technique 

assuming a linear dependence of ~, on ~ , and also recommends that MN (equivalent to 

M H
) and ML should each be corrected for polarity effects, which change with voltage. 

However, in this protocol a quadratic polynomial is used to determine the recombination 

correction factor: 

(3.17) 

where MN refers to the reading at normal voltage V N. ao, al' and a2 are constants that 

depend on the ratio of voltages used, which is given in a table in the protocol for both 

pulsed and pulsed-scanned beams. The protocol recommends using a VN /VL ratio of at 

least 3, and to not make VN too large so that charge multiplication will not add to the 

signal. After the voltage has been changed, the chamber should be allowed to establish 

charge equilibrium by pre-irradiating it before measuring. 
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3.2.3.3 Ionie Diffusion 

Under sorne conditions, ions of one sign that are produced close to the collection 

electrode with a voltage of the same sign may diffuse to that plate and distribute their 

charge there. This would contribute to a difference between the charge produced and the 

charge measured. However, this effect is only significant at low voltages and may be 

neglected for voltages generally used in radiation dosimetry.5 

3.2.4 Chamber Leakage Effeets 

When the chamber is not being irradiated, yet a voltage is applied across the 

electrodes, a CUITent intrinsic to the chamber will still be measured due to imperfect 

insulation of the electrodes. In well-built air chambers this signal should be small- more 

than two orders of magnitude lower than the measured CUITent during irradiation - and 

thus considered negligible. If it is larger, the leakage charge should be measured for a 

time equal to the length of irradiation and then subtracted from the irradiation reading. 

3.3 Limitations of Standard Chambers 

3.3.1 Low Spatial Resolution 

Air chambers measure the ionization charge that is produced in the sensitive 

volume. Molecules in a low density gas are relatively sparse, and so a large sensitive 

volume is needed in order to generate a large enough signal. Typical cylindrical 

chambers have a sensitive volume in the range of 0.1 cm3 to 1 cm3
. Parallel-plate 

chambers8 typically have a plate separation of 0.1 cm and a sensitive volume of 0.05 to 

0.2 cm3
. The most common clinically-used cylindrical chambers7 have a sensitive 

volume of 0.6 cm3
. The resolution of these large-volume chambers is not sufficient for 

high gradient regions such as field edges and narrow beam profiles. Air chambers with 

smaller sensitive volumes are available, such as the PTW PinPoint® chamber (15 mm3
) 

and the Exradin A16 Micropoint cylindrical chamber (7 mm\ The smallest 

commercially available air ionization chamber is the Exradin A14P parallel-plate 

microchamber, which has a plate separation of 1 mm and a sensitive volume of about 
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1.8 mm3
. Such a small sensitive volume is ideal for use in measurements of high dose 

gradients, but the measured ionization signal is also very small. 

3.3.2 Chamber Fluence Perturbation 

A chamber filled with agas such as air displaces an amount of the higher density 

medium, such as water, in which it is placed. Because of the presence of a lower-density 

gas, there is an electron fluence perturbation which will result in the determination of a 

dose at the point of measurement that would be different in the medium in the absence of 

the chamber. This is generally not a problem for photon beams, because where charged 

particle equilibrium exists, the secondary electron fluence distribution does not change 

significantly with position. In regions that lack CPE, such as the build-up region or in 

field edges, effects of perturbation are present. 

Perturbation effects can be significant in electron beams, due to lack of electron 

scatter in the low-density chamber cavity. Thus the effects of in-scattering from outside 

the cavity increase the electron fluence inside, compared to the fluence in that region in 

the absence of the cavity. This is shown in Fig. 3-4, where the solid lines represent 

electron tracks and the dashed lines represent missing electron tracks. This effect can be 

somewhat reduced in parallel-plate chambers by guard rings that are sufficiently large so 

as not to allow the in-scattered electrons to contribute to the signal. 
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Î Electron tracks 
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Figure 3-4. Effects of in-scattering on electron distribution in a chamber cavity. 

3.3.3 Energy Dependence 

As discussed in section 2.4.2, the Spencer-Artix cavity theory relates the absorbed 

dose in the cavity (e.g. air) to the absorbed dose in the medium (e.g. water) using the ratio 

of restricted stopping power water-to-air. This ratio depends on the energy of electrons. 

Fig. 3-5 shows this ratio, which is not constant, over a wide range of electron energies. 

Because the ratio is not constant, air chamber response is energy dependent. This can 

cause problems for regions of dose distribution that have a high energy gradient, such as 

field edges. The ratio is also included in the beam quality conversion factor, kQ , so 

response to beam qualities compared to a reference beam can greatly vary. Thus air 

chambers have large energy dependence (and therefore various kQ factors) over the range 

of c1inical beam energies. 
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Figure 3-5. Ratio of restricted mass stopping power water-to-air as a function of electron kinetic energy. 
The ratio is not constant over the clinical range of electron energies, thus air chambers are 
energy dependent. 9 
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Chapter 4 

Liquid Ionization Chambers and Their History 

4.1 Advantages of Liquid Ionization Chambers 

The issues discussed in section 3.3 concemed the limitations of air ionization 

chambers in radiation dosimetry. Section 2.6.1 discussed the complexities of non­

equilibrium dosimetry. The use of a dielectric liquid as the sensitive material inside an 

ionization chamber has been investigated as a potential remedy for these problems. Two 

liquids commonly used in liquid ionization chambers (LICs) are isooctane (also called 

2,2,4-Trimethylpentane, or TMP) and tetramethylsilane (TMS). There are number of 

properties that make these two liquids suitable for such use: insulation, ion yield, density, 

atomic number, stopping power, and ion mobility. In addition, the radiation response of 

such liquids should be stable and reproducible. 

4.1.1 Insulation 

Both isooctane and tetramethylsilane are insulating nonpolar hydrocarbons. Their 

chemical structure is shown in Fig. 4-1. Their inherent insulation is important because 

they exhibit a low inherent leakage CUITent when used at the sensitive media in liquid 

ionization chambers. 
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Figure 4-1. Chemical structure ofIsooctane and tetramethylsilane molecules. 

4.1.2 Free-ion Yield 

When a material is irradiated, energy is expended in the production of ions. In 

section 2.3.4, it was explained that the average amount of energy required in order to 

produce an ion pair in dry air was expressed as (~" ). An analogous expression used 

here is called the G-value, or the free-ion yield Gfi. This is defined as the number of 

electron-ion pairs created and escaping initial recombination in the liquid (or another 

ionizing medium) per 100 eV of absorbed energyl However, where (~" ) is constant, 

G fi is dependent on temperature, radiation type, and electric field strength. For both 

isooctane and tetramethylsilane, Wickman showed that G fi varies by only a few percent 

over high energy photon and electron beam qualities, and that Gfi varies by 0.18% per oC 

for isooctane? The Gfi value is, however, quite dependent on the applied electric field. 
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In order to determine the property G~, which is the free-ion yield in the absence of 

applied electric field, the linear relationship between Gfi and high field strength may be 

extrapolated to zero. G~ varies between 0.1 and 1 for different dielectric liquids. Values 

of G~ for our liquids ofinterest are 0.33 for isooctane and 0.74 for tetramethylsilane.3 In 

order to compare to air, the inversion of equation 2.33 shows that the free ion yield in air 

is 2.94 ion pairs per 100 eV, which is larger than for the dielectric liquids. Taking into 

account that isooctane and tetramethylsilane are respectively 535 and 504 times denser 

than air, the ionization in the liquids is much greater than what is produced in an air 

cavity of the same size. 

4.1.3 Density and Atomic Number 

The densities of air, water, TMS, and isooctane are shown in Table 4-1. The 

densities of these liquids are much more similar to water than air, whose density is three 

orders of magnitude smaller. For this reason, the cavity perturbation effects explained in 

section 3.3.2 are greatly reduced, as the amount of scatter is similar inside and outside of 

the cavity. 

Air Water Isooctane TMS 

Density (g/cm3
) 1.29x10-3 1.00 (at O°C) 0.69 0.65 

- 7.78 Z 7.51 5.36 8.85 

Table 4-1. Mass densities and effective atomic number, Z , of air, water, and two dielectric liquids 
commonly used in liquid ionization chambers: isooctane and tetramethylsilane (TMS). 

In addition to having a density similar to water, we can also see on the table that 

the effective atomic numbers of isooctane and tetramethylsilane are low, and similar to 

water. The effective atomic number is calculated according to the equation:4 

(4.1) 
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where ai is the fractional number of electrons per gram belonging to a material with 

atomic number Zi' This similarity is an important property attesting to the water 

equivalence of these liquids, and contributes to their water-similar stopping powers. The 

significance of these stopping powers is explained in the next section. 

4.1.4 Stopping Power Ratios 

In section 3.3.3, it was explained that the stopping power ratio water-to-air 

exhibits significant energy dependence over the range of clinical beam energies, and thus 

beam quality conversion (or kQ) factors for air chambers have a large energy dependence. 

One advantage of using LICs is that the liquid stopping powers and their variance are 

very similar to those of water. As a result, the ratio of restricted collisional stopping 

powers liquid-to-air (and thus kQ) is close to unity over a large range of beam energies, 

including those used clinically. These ratios are shown in Fig. 4-2, and are compared to 

the water-to-air ratio as well. This feature of LICs is not only useful for clinical beam 

quality conversion and reference, but also for large changes in energy exhibited in high 

dose gradients of complex fields. 
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Figure 4-2. Ratio of restricted stopping powers (water-air, water-isooctane, and water-TMS) as a function 
of electron kinetic energy.5 Note the relative lack of energy dependence for the dielectric 
liquids ratios compared to the air ratio. 

4.1.5 Ionization Density and Mobility 

As mentioned previously, a main purpose In investigating liquid ionization 

chambers is the advantage of high spatial resolution_ Small sensitive volumes are made 

possible by the high ionization density of the liquids that are used_ The ionization density 

of these dielectric liquids is about 300 times larger than that of air.2 Due to the high 

density of the liquids compared to air, there is a larger opportunity for ions to recombine 

with each other before being collected. Because of this, the liquids used must have a high 

mobility in order to minimize recombination as much as possible. The mobilities of both 

positive and negative ions produced in isooctane and tetramethylsilane are given in Table 

4·2. 
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Air Isooctane TMS 

k+ (m2s'!Y'!) L8x10-4 2.9xlO,8 5.3 x 10,8 

k_ (m2s'!Y'!) L8x10-4 2.9xlO,8 9.0xlO,8 

Table 4-2. Mobility ofboth positive and negative ions (k+ and k. , respectively) produced in air, 
isooctane and tetramethylsilane (TMS).6 

Despite the high mobilities of ions in these liquids compared to other dielectric liquids, 

they are still between 2000 and 6000 times smaller than in air. We shall thus see in the 

following sections that these mobilities are not high enough to overcome the high 

ionization density present. Consequently, calculations of ion recombination must be 

determined and corrections factors must be applied. 

4.2 Modern Research in Liquid Ionization Chambers 

Molecules in dielectric liquids were first shown to be ionized upon irradiation by 

J.J. Thomson in 1896.7 Since Thomson's discovery, further investigations of the use of 

liquid ionization chambers (LICs) were intermittent, such as research by Stahel (1929), 

Blanc (1963), and Mathieu (1968).8 These projects showed that such chambers could be 

suitable for dosimetry, and would help overcome the problems that came with air-filled 

chambers. Present interest in liquid ionization chambers was mostly progressed by work 

that has been done on the subject by G. Wickman et aL in Umeâ, Sweden since 1973, 

when he built and investigated a liquid ionization chamber for possible use in radiation 

dosimetry.9 His goal was to construct a chamber that could be used to determine absorbed 

dose and dose distributions due to radiation fields as easily as an air ionization system, 

while also showing sorne distinct advantages. He tested a variety of designs in order to 

find a proper combination of materials for the liquid, the insulators, the body, and 

electrode that would allow acceptable stability, reproducibility, dose sensitivity, and low 

levels of fluence perturbations and leakage CUITent. Wickman's group has continued to 

design new models of the LIC, test them in common radiation beams, and publish 

research they have performed that deal with LIC stability, reproducibility, polarity effects, 

ion recombination corrections, and response to different dose rates?,6,8,16 
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As mentioned in section 3.3.1, air ionization chambers have large volumes (i.e. 

low spatial resolution) in order to obtain large enough signaIs. Sorne manufacturers 

pro duce air chambers with small sensitive volumes in order to obtain high spatial 

resolution. The price for this, of course, is a low signal requiring measurement using 

high-resolution electrometers. The magnitude of the obtained signal may also be similar 

to that of the inherent leakage current or radiation-induced cable currents, and be difficult 

to distinguish. Sorne work has recently been done in modifying small air chambers and 

filling them with a dielectric liquid in order to obtain larger signaIs while utilizing the 

high spatial resolution. In Italy in 1998, Francescon et al. l7 investigated new dosimeters 

for use in small field radiation beams, where high dose gradient and lack of charged 

particle equilibrium exist. The detectors included a modified Exradin T14 parallel-plate 

microchamber. The sensitive volume of this chamber was about 2 mm3
, and the group 

performed output factor measurements using the chamber filled with both air and TMS. 

They found sorne advantages of the liquid-filled over the air-filled chamber: the signal 

from the liquid-filled chamber was enhanced (also making currents due to cable 

irradiation negligible), and the perturbation effect was decreased. The air-filled chamber 

produced reliable values of the output factor, but results were better when the chamber 

was filled with tetramethylsilane. Another group in St. Louis, Missouri18 filled a 

modified Exradin A2 air chamber for use as a water-equivalent radiation dosimeter that 

was independent of beam type and quality. They determined a mixture of ideal 

concentrations of dielectric liquids, which showed a 2% deviation of response of the 

dosimeter to dose to water over a beam energy range from 10 ke V to 20 Me V. 

Other interest had been recently been shown in using liquid-filled chambers for 

the purpose of monitoring the dose of fields with high gradients. Studies shown in papers 

published by Eberle et al. 19 and Berghofer et al?O demonstrated the use of prototype 

liquid ionization chambers as a monitor for IMRT. A thin monitor chamber was required 

in order to absorb a minimum amount of radiation, yet a large enough signal was needed 

in order to minimize the effects of currents inherent to the system. An air-filled chamber 

would not be thin enough, so a liquid chamber was used instead. In the dynamic IMR T 

system, the high leaf speed required a fast readout frequency of the monitor, so a liquid 

with a high charge yield and high carrier mobility was needed. TMS was used, as it 
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fulfilled these requirements. The chamber was able to actually monitor instantaneous 

radiation measurements and changing beam shape due to moving leaves. One 

disadvantage, however, was the dose rate dependence of the liquids, for which a 

correction factor had to be applied. 

4.3 Research in Liquid Ionization Chambers at McGill University 

Investigations of a liquid chamber developed by Wickman, a liquid-filled 

modified air chamber, and liquid chambers of original design have been performed in the 

Medical Physics Unit of McGill University prior to the work presented in this thesis?! 

A liquid chamber developed by Wickman, the LIC 9902-mix, used as a sensitive 

volume material a mixture of 60% isooctane and 40% tetramethylsilane by weight. The 

sensitive volume of this parallel-plate chamber was approximately l.7 mm3
. 

Recombination corrections were determined based on theoretical and experimental 

collection efficiencies of the chamber. 

Energy response was studied by determining beam quality conversion factors, 

which are shown in Fig. 4-3. This was done by cross-calibrating the LIC in a 60Co beam 

against an air chamber with an established absorbed dose to water calibration coefficient, 

then by calibrating the LIC in various beam qualities of two different linacs. Corrections 

for recombination were applied. The figure shows a comparison of kQ values for the 

liquid chamber at different beam qualities. A fit is applied to these values, and a 

comparison to kQ values of an air chamber (taken from AAPM TG-51) over a similar 

range is given. The conversion factors for the liquid chamber are close to unit y over the 

entire range, whereas the air chamber shows significant energy dependence. 
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Figure 4-3. Bearn quality conversion factors for the LIC (fitted dashed line) and for the Exradin AI2 
(solid line).21 Applied fits: 2nd degree polynomial (LIC data) and straight line (Exradin data). 

Further studies of the LIC 9902-mix became impossible because of a chamber 

malfunction that could not easily be repaired. The next stage of investigation utilized a 

modified Exradin Al4P air microchamber, which had a sensitive volume of about 

1.12 mm3
. 

The chamber, referred to as the micro-LIC, was filled with isooctane and sealed. 

Tests of the behaviour and properties of the micro-LIC were performed, inc1uding 

chamber stability, response compared to the chamber unfilled, response to changing 

polarity, and linac beam pulse repetition frequency. Results showed first that under the 

same experimental setup inc1uding voltage across the chamber volume, the liquid-filled 

chamber response (4 x I0-4 nC/cGy) was 100 times greater than the signal acquired from 

the air-filled chamber (4 x I0-2 nC/cGy). 
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Figure 4-4. Schematic diagram of the modified Exradin Al4P microchamber, called the micro-LIe when 
filled with isooctane. Image from Standard Imaging, Inc. (online: 
http://www.standardimaging.com). modified to show electrodes and plate separation. 

The polarity correction was also much smaller when filled with liquid: 2% 

compared with 20% for the air-filled correction. There was a large variation of response 

with both changing voltage and changing pulse repetition rate. These variations are 

largely due to the mechanisms of ion recombination and will be explained in further detail 

in following sections. Problems that arose with this micro-LIC were unstable response 

over time, poor reproducibility, and erratic leakage current. The most significant 

problem, however, was post-irradiation residual current, which most likely resulted from 

ions produced in the zero-field region between the collecting and guard electrodes. Due to 

the problems that arose with the existing LIC 9902-mix and the modified air chamber, 

plans were developed for constructing a liquid ionization chamber of original design. 

The first original chamber built was called the GLIC, which is an acronym for 

Guarded Liquid Ionization Chamber, referring to the guard electrode that surrounds the 

collecting plate in order to inhibit leakage currents and to define the sensitive volume. 

This chamber had construction problems, but the experience learned in its design was 

used in constructing a second version, the GLIC-02. This chamber was first used to 

determine its air-filled properties, which were compared to properties of the Exradin 
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A14P air microchamber. The recombination properties ofboth chambers were small and 

similar, but the GLlC-02 had about a 17% lower polarity correction than the Exradin 

AI4P. Aiso significant was the fact that results obtained by the GLlC-02 chamber on 

separate days were reproducible within 0.2%. Thus any reproducibility problems that 

would later have been perceptible in the liquid-filled GLlC-02 would be limited to issues 

surrounding the liquid itself and not the chamber construction. When filled with 

isooctane, however, the stability and reproducibility of this chamber was very po or, even 

over relatively short intervals (hours). A hypothesis was that this could be due to 

chemical incompatibility or impurities introduced from the C552 conductive plastic 

electrodes. A third design using graphite electrodes was proposed. This third chamber 

was built and is called the GLlC-03, and investigation of the properties ofthis chamber is 

the focus of the research presented in this thesis. 
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--" . Chapter 5 

The GLIC-03: Construction, Stability, Reproducibility, and Recombination 

S.l Construction 

The new chamber is called the GLIC-03, where GLIC is an acronym for Guarded 

Liquid Ionization Chamber. A photograph of the chamber with its cap unscrewed is 

shown in Fig. 5-1, and a schematic diagram is shown in Fig. 5-2. 

Figure 5-1. Photograph of inner details of the GLIC-03 with cap unscrewed. Visible are the collecting 
electrode, guard electrode, brass foil, and filling tube ends. 

The GLIC-03 chamber body is made of Delrin and the electrodes are made of graphite. 

Teflon is used as an insulator between electrodes. The polarizing electrode is part of a 

cap that screws onto the main body. Connections from the main body (C-552 conductive 

plastic) to the graphite polarizing electrode are made through a stainless steel and brass 
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foil interface. Two stainless steel tubes are used to fill the inner volume. An O-ring is 

placed above the threads in order to seal the liquid inside when the cap is screwed on. 

lem 

Graphite 

Polarizing 
Electrode 

Guard 
Electrode 

Isooctane 

Stainless Steel C-552 

Figure 5-2. Schematic diagram of the GLIe-03. 

Tetlon Delrin 

Tetramethylsilane has a number of advantages over isooctane when it cornes to 

choosing a liquid for use as the sensitive medium. TMS has a free-ion yield that is twice 

as large as that of isooctane. The ion mobility is also larger. !ts effective atomic number 

is closer to water than isooctane. AIso, the stopping power ratio water-to-liquid is slightly 

closer to unity for TMS than isooctane. Despite all of this, we chose to use isooctane 

(Aldrich, 99.8%), with no additional purification, as the sensitive volume material of the 

GUC-03 for two important reasons. The first is that the boiling point of TMS is 26.6°C, 

while the boiling point of isooctane is 99.3°C. 1 Thus TMS will easily boil at room 

temperatures, in contrast to isooctane. Both liquids, however, will easily evaporate in air, 

so a sealed chamber was important. The second reason is that TMS costs about 30 times 

more than isooctane. Although TMS was superior in a few ways, the properties of 

isooctane were sufficient for our purposes, allowed for lower costs, and reduced the 

chance of evaporation. 

5.1.1 Sensitive Volume and Plate Separation 

The sensitive volume of the GUC-03 is a cylinder with a cross-sectional area 

defined by the size of the collecting electrode and with a length defined by the separation 
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distance between collecting and polarizing plates. The cap of the chamber is screwed on 

until tight, thus the plate separation and sensitive volume size are not rigorously defined 

by chamber construction. For this reason, an air calibration and a capacitance test were 

performed in order to determine the sensitive volume and plate separation, respectively. 

In order to determine the volume, the air-filled GUe-03 was calibrated against an 

Exradin A12 air chamber with an established absorbed-dose-to-water calibration 

coefficient, NiJ~w' obtained from a standards laboratory. This calibration was conducted 

in 18 MY and 6 MV linac photon beams, in a Solid Water™ phantom at a depth of 10 

cm. The field size was 1 Ox 1 0 cm2 at a SSD of 100 cm. A Keithley 6517 A electrometer 

was used for measurements and providing bias voltage. Measurements were taken with 

the GUe-03 at +300 V using a dose setting of 600 MU at a dose rate setting of 600 

MU/min. Such a high dose was used in order to obtain a large enough signal from the 

small sensitive volume. Measurements were taken with the Exradin chamber at +300 V 

using a dose setting of 100 MU at a dose rate setting of 400 MU/min, which provided a 

sufficient signal due to the large sensitive volume. Measurements for both chambers 

were also taken at + 150 V in order to correct for general recombination (as described in 

section 3.2.3 for pulsed radiation beams) and at -300 V in order to correct for polarity 

effects (as described in section 3.2.2). Any leakage CUITent was also measured and 

subtracted from the readings. Equation 2.53 expressed the absorbed dose calibration 

coefficient of an ionization chamber as the ratio of the absorbed dose at the point of 

measurement to the corrected measured signal. In this calibration, the absorbed dose to 

the medium sUITounding the chambers is the same, so the absorbed-dose-to-water 

calibration coefficient for the air-filled liquid chamber in beam quality Q can be 

expressed as the relationship: 

[N Q ] = [NCO k ] MExradin 
D.w GLle D.w Q Exradin M ' 

GLlC 

(5.1) 

where kQ is the beam quality conversion factor for the Exradin chamber at nominal beam 

quality Q, MExradin and M GUC are the Exradin chamber and air-filled GUe-03 signals, 

respectively, fully corrected for recombination and polarity effects and for leakage 
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currents. N~~wkQ is the absorbed-dose-to-water calibration coefficient for the Exradin 

chamber in a beam of quality Q. 

The dose to water is related to the dose to air by the ratio of restricted stopping 

powers, as discussed in section 2.4.2 (Spencer-Attix cavity theory) and shown in equation 

2.40. A different configuration of equation 2.47 gives the dose to air in terms of the mass 

of air in the sensitive volume: 

[-J N =Dru.r =_1_ W 
D,Qlr 

Qru.r mru.r e air 

(5.2) 

Because the mass and volume of air are proportional by density (which is normalized for 

both chambers using temperature and pressure correction factors), we can determine the 

size of the GLIC-03 sensitive volume VGLIC by using the ratio of absorbed-dose-to-water­

calibration coefficients of the air-filled GLIC-03 and the Exradin air chamber and 

comparing to the nominal volume of the Exradin, vExradin' which is accurate within a few 

percent: 

[N CO k ] 
D,w Q Exradm 

v GLIC = vExradin [NQ ] 
D,w GLIC 

(5.3) 

The Exradin has a calibration coefficient determined by a standards laboratory, as shown 

in Table 5-1. Aiso shown in the table are the nominal volume of the Exradin, beam 

quality conversion factors for the Exradin in the two photon beams, the calculated 

absorbed-dose-to-water calibration factors for the air-filled GLIC-03 for the two beams, 

and the sensitive volume size and error of the GLIC-03. Due to the close overlap of 

errors in volume determined by the two different energies, we consider the volume to be 

the average of the two. 
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Quantity Units Q=18MV Q=6MV 

[NeoJ D,w Exradin 
cGy/nC 4.882 4.882 

VExradin cm3 0.65 0.65 

[ kQ JExradin - .9691 .9956 

[NË,w lLlc (cGy/nC) 1377 1409 

vGLlC mm3 2.233 ± 0.019 2.242 ± 0.016 

v GLlC (average) mm3 2.238 ± 0.025 

Table 5-1. CahbratIOn coefficient, nommaI volume, and beam quahty converSIOn factors of Exradm AI2 
air ionization chamber used in this thesis. Calculated calibration coefficients and volume of 
air-filled GUC-03. 

For the capacitance test, the air-fiIled chamber was connected to a Keithley 

electrometer and the voltage across the plates was incremented by steps of 50 V up to a 

maximum voltage of 400 V. The charge (in Coulombs) was measured after each 

increment. Three separate measurements were performed and the resulting data is shown 

in Fig. 5-3. 

The slope of each line was determined from a linear fit applied to each 

measurement, and the average slope is 6.26xl0-14 CN. The slope corresponds to a change 

in coIlected charge over a change in applied voltage. This ratio is the definition of 

capacitance: 

(5.4) 

Because the plates are relatively c10sely spaced and the volume edges are weIl 

defined (due to the guard ring), the electric field across the separation is essentially 

uniform. Thus we can say that the applied voltage difference is simply the product of the 

plate separation d and the field strength E: 

V=Ed. (5.5) 
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Figure 5-3. Charge coHected by air-fiHed GLIC-03 after increments of 50 V up to 400 V for three separate 

trials (aH overlap each other). The capacitance (C = Q / V) is determined in each trial by the 

slope of a line fit to the measured points, 

From Gauss' law, the flux in the sensitive volume is given by: 

EA = q enc\osed , (5.6) 
&0 

where E is the electric field, A the cross sectional area of the sensitive volume, 

qenclosed = Q is the charge enclosed, and ~ is the proportionality constant where 
&0 

&0= 8.85xlO-12 C2/N'm2 is the permittivity constant? We can write the field strength as: 

(5.7) 
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Substituting this expression into V = Ed , we have: 

(5.8) 

Rearranging the equation and substituting C = Q and A = Vol, where Vol is the volume, 
V d 

we have an expression for the separation of plates in terms of the volume and the 

capacitance: 

(5.9) 

Using the average of the two volumes calculated by the calibration, as well as the values 

of 8 0 and C given earlier, the plate separation is averaged to be d = 5.625x10-4 m, or 

approximately 0.563 mm. Thus the radius can be determined from the electrode area: 

(5.10) 

where 

A=V/d. (5.11) 

The calculated radius is approximately 1.1 mm, and determined properties of the 

GLIC-03 are summarized in table 5-2. 

[NE w ] (cGy/nC) Volume (mm3
) 

Electrode Electrode 
, Gue Separation (mm) Radius (mm) 

1392 (air-filled) 2.238 ± 0.025 0.563 ± 0.003 1.125 ± 0.005 

Table 5-2. Summanzed table of detennmed properhes of GUe-03. 
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5.2 Methods and Materials, and Results 

For experiments involving radiation, we used the 18 MV beam of a Varian Clinac 

21EX linear accelerator. The chamber was irradiated inside an RMI-475 Solid Water™ 

phantom at various depths and field sizes, as explained below for each experiment. A 

Keithley 6517 A electrometer was used for aIl measurements and providing bias voltage 

for aIl chambers. AlI measurements were normalized to readings from a reference 

Exradin Al2 (SN310) air-fiIled chamber, polarized at +300 V, to correct for any changes 

in machine output over time. This air chamber has an absorbed-dose-to-water calibration 

coefficient relative to 60Co which is traceable to a national standards laboratory. It was 

placed in the Solid Water™ phantom at the same depth as the GUC-03 for aIl 

experiments, as shown in the setup in Fig. 5-4. The air chamber readings were corrected 

for temperature and pressure according to the AAPM TG-51 protocol. A recent study has 

shown that the relative temperature dependence of a liquid ionization cham ber fiIled with 

isooctane is less than 0.3% per degree, and that ambient humidity effects are negligible.3 

The temperature remained within a degree throughout this research, thus no such 

corrections are applied in this thesis to the GUC-03 measurements. 

SoUd Water™ plug --1'" 

GUC-03 

,~ 
: Radiation 
i field 

:_------------------------------------------_: 

ExradlnA12 

SoUd Water™ nh~lntnm 

Figure 5-4. Side view of setup for stability, reproducibility, and recombination experiments involving the 
GUe-03, The Exradin Al2 air chamber sensitive volume is located within the radiation field 
(field size lQx10 cm2 at 100 cm SSD) in order to monitor linac output changes. 
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A pulse rate setting of 100 MU/min was used for each experiment. This is the 

lowest available setting, which is necessary in order to avoid incomplete collection of 

charge produced by one pulse before the arrivaI of the next. The lack of collection is 

illustrated in the recombination experiments. 

5.2.1 GLIC-03 Inherent Leakage 

Setup 

For the leakage investigation, +500 V was applied across the sensitive volume of 

the GLIC-03. The current was measured over time after the voltage was applied. This 

experiment was performed five times. 

Results and Discussion 

Fig. 5-5 shows results of the five different trials ofthis experiment. It can be seen 

from the graph that the leakage current tends to settle down over time after a polarizing 

voltage is applied. With a current of approximately 0.0005 nC/s, the inherent charge 

collected by the chamber over a period of 60 seconds is about 0.03 ne. 
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Figure 5-5. Inherent leakage current of the GUe-03 over time while a polarizing voltage of 500 V is 
applied across the sensitive volume. 5 different trials are shown. 

5.2.2 Stability of Response 

Setup 

160 

For the stability investigation, measurements were taken with a polarizing voltage 

of 500 V and a dose setting of 250 MU. They were performed at 15 cm depth, 100 cm 

SSD, and with a field size of 10x10 cm2 at the phantom surface. 

Results and Discussion 

One difficulty with LIes is that chamber response can be unstable. Part of the 

reason for this is due to impurities that may exist in the liquid. These impurities may be 

inherent in the liquid or may diffuse into the liquid from the electrodes or the filling 

tubes. The leakage current can give a rough estimate of the amount of impurities in a 

dielectric liquid.4 AIso, water and isooctane are immiscible and drops of water can 

interfere with Ieakage currents and measured signaIs. Radiation may trigger the effect of 

these impurities on the signal. Generally, radiation measurements are taken with the 
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GLIC-03 in a vertical position inside the phantom and the field of the beam at the side, as 

shown in Fig. 5-6a. If the chamber has not been sufficiently flushed, residue may exist 

and sertIe in or near the sensitive volume at the bortom. 

GLlC-03~ 

Solid Water™ hantom 

a) Horizontal setup 

Radiation 
field 

Solid Water™ 
hantom 

b) Vertical setup 

Figure 5-6. a) Horizontal GUe-03 and Solid Water™ phantom setup, used for most experiments. 
b) Vertical setup, used for stability experiment comparison. 

On one occasion, effects of the se impurities were c1early apparent. Readings were 

taken of one fill that showed a rapidly increasing response, as seen in "Fill 1 (horizontal)" 

of Fig. 5-7. A new fill was performed in hopes of flushing any impurities away. The 

resulting response was extremely erratic, as shown in "Fill 2 (horizontal)" of Fig. 5-7. 

The entire phantom was then turned on its side, as shown in Fig. 5-6b, and the chamber 

response immediately stabilized, as shown in "Fill 2 (vertical)" of Fig. 5-7. This shows 

that most likely an impurity was interfering with the signal in the horizontal case, and was 

removed from the sensitive volume in the vertical case. 
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Figure 5-7. GLIC-03 response comparing two different fills and two different setup orientations of the 
same fill (Fill2). 

The chamber, once filled and assumed to be free of impurities, may take some 

time to settle down. This is illustrated in Fig 5-8, which shows the response of the 

GLIe-03 after the first 41 consecutive measurements were taken of a new fill. The five 

different sections (a-e) represent readings that were taken after a large dose was given 

(dose setting 2500 MU) to the chamber in order to force stability. 
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Figure 5-8. Changing response of the GLIC-03 after the frrst 41 measurements were taken. The five 
different sections (a-e) represent reading that were taken after a dose setting of2500 MU was 
given. 

Fig. 5-8 clearly shows the effect on the chamber after a large amount of dose has 

been given. The response initially increased in runs (a) through (c), though the overall 

response dropped between (b) and (c). Once the large dose was given after run (c), the 

response was stable in runs (d) and (e), remaining within 1 %, and was then ready to use 

for other experiments. 

Once the chamber has been sufficiently flushed and impurities are assumed to 

have been removed, and a sufficient dose has been given, the chamber response still 

changes over time. The first important experiment was to determine at what rate this 

change occurs, and how much time was available for other meaningful experiments to be 

performed. Fig. 5-9 shows the response of the chamber over time for three different 

trials, all compared to the initial reading of each trial. 
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Figure 5-9. Response of the GLIC-03 over three trials of 5, 7, and 24 hours. The variation in response is 
less than 1 % for up to 10 hours. A smoothed line fit was applied. 

In the first and second trials, the response changed by less than 0.5% over 5 hours 

and less than 1% over 7 hours, respectively. In the third trial conducted over 24 hours, 

the response dropped by about 1 % every ten hours. This small change in response over 

time suggests an acceptable stability for the duration of possible practical, relative dose 

measurements. This stability was verified throughout the duration of other experiments 

to ensure that change in chamber response was minimal. 

5.2.3 Reproducibility 

Setup 

Measurements for reproducibility with different liquid fills were taken using the 

same physical setup as the stability investigation. These were performed after each new 

fill of isooctane in the chamber over a period of eight months. The first five fills were 

performed using older isooctane that may have had higher levels of impurities due to 
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atmospheric exposure. The remaining 13 fills were performed using a new bottle of 

isooctane. 

Results and Discussion 

Results ofreproducibility as a function offill are shown in Figure 5-10, where we 

see the response of the GLIC-03 after each fill over 18 different trials. As can be seen in 

the figure, the first five trials showed a large variation in response and leakage CUITent. 

The rest of the trials show a smaller variation after the new bottle of liquid was used. 

After much rinsing of the chamber we can see the variation between the last eight trials to 

be less than 1.5% from the mean, showing good reproducibility. We can also see that the 

leakage CUITent across the plate separation remained under 1 % after a new batch of 

isooctane was used. 
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Figure 5-10. Response ofGLIC-03 after each new filL For trials 11-19, response was within 1.5% of the 
mean, as shown. Solid lines represent the chamber signal for a dose setting of 250 MU, 
referring to the left axis. Dashed lines represent the leakage signal as a percent of chamber 
reading, referring to the right axis. 
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5.2.4 Minimizing Recombination due to Pulse Overlap 

Setup 

Measurements were taken usmg the same physical setup as the stability 

investigation. In this experiment, two electron beam energies are used: 12 MeV and 16 

MeV. For each electron beam, measurements were taking using dose rate settings of 100, 

200, 300, and 600 MU/min. The dose setting for each measurement corresponded to a 

measurement time of 1 minute Ce.g. 200 MU for 200 MU/min; 600 MU for 600 MU/min, 

etc.). The charge collected by the chamber was then normalized to the dose setting. 

Results and Discussion 

In Fig. 5-11, we can see that the GLIe-03 charge normalized to the dose setting 

decreases with increasing dose rate. This is due to the fact that the dose rate setting 

corresponds to the c10seness in pulses delivered by the linear accelerator. 100 MU/min, 

for example, delivers 1 pulse in every 6 pulse cycle; 200 MU/min delivers 2 pulses; 300 

MU/min delivers 3 pulses; and 600 MU/min delivers aIl 6 pulses in the cycle. 400 and 

500 MU/min settings were not used in this experiment because the pulses are always only 

equally spaced in the other four settings. 
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Response of GLIC-03 nonnalized to dose setting as a function of dose rate setting, for two 
different electron beam energies. A smoothed line fit was applied. 

Each pulse results in a distribution of released ions in the chamber sensitive 

volume. Sorne time is necessary in order to collect all these ions. If sorne ions have not 

been collected when a second pulse occurs, they may recombine with the ions produced 

by the second pulse. As the pulses get c10ser and c10ser (or as the dose rate setting 

increases), more and more ions recombine and the collection signal decreases, as is 

shown in the figure. For this reason, to minimize incomplete charge collection before the 

arrival of a second pulse, the dose rate setting used in experiments with the GLle-03 is 

generally 100 MU/min, unless indicated otherwise. 

5.2.5 Recombination Corrections 

Setup 

The dose per pulse was reduced relative to reference conditions by increasing the 

SSD of the phantom holding the GLle-03 and the Exradin AI2 chambers. Measurements 

of ratios of GLle-03 readings to Exradin AI2 readings were performed at SSD intervals 
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of 50 cm in the range from 100 cm to 300 cm, while the field size was 1 Ox 10 cm2 at 100 

cm from the source. Measurements were taken at each dose rate with various voltages 

(and thus electric field strengths) between 100 V and 700 V. A dose setting of 100 MU 

was used, with a dose rate setting of 100 MU/min. 

Results and Discussion 

Although the mechanisms for ion recombination in liquids are the same as in air, 

their effect is quite different in the two media. As mentioned in section 4.1.5, the 

ionization density of the dielectric liquids is about 300 times larger than air, allowing for 

a small sensitive volume. AIso, presented in the same section is the fact that the mobility 

of ions is three to four orders magnitudes smaller than in air. Because of these two 

properties, ion recombination is very significant in liquids and correction factors must be 

determined and applied. 

In section 3.2.3, the mechanisms of initial recombination and general 

recombination were explained. It was stated in section 3.2.3.1 that initial recombination 

is dependent on the ionization density as weIl as on the electric field strength normal to 

the particle track. It was also stated that in air chambers, initial recombination was 

generally negligible due to the relatively large distance between atoms. This distance is 

not conducive for recombination between ions formed along the same particle track. 

Initial recombination becomes negligible even at relatively low field strengths. Due to 

the high density in liquid chambers, however, initial recombination occurs much more 

readily. Fig. 5-12 shows a typical ionization curve for a liquid ionization chamber. 
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Figure 5-12. Typicalliquid ionization chamber ionization curve (fullline). A saturation region is never 
reached due to increased availability of free ions. A fit (dashed line) of the "Iinear region" 
is used in determining general collection efficiency. 

Comparison to the air ionization curve in Fig. 3-3 shows sorne fundamental differences. 

Perhaps the biggest difference is that the saturation region, apparent in air chambers, is 

never achieved in liquid chambers. Even after general recombination effects are 

minimized by high field strengths, the current continues to increase. This is due to 

increased production of free ions as the electric field supplies more energy. As the 

electric field increases, free electrons released through ionization have more probability 

of escaping the field of their parent atom rather than immediately being attracted back to 

it. Because we are at the same dose rate, the number of tracks per unit time remains the 

same but the average concentrations of negative ions (formed with the electrons) and 

positive ions along the same track increase linearly. The ionization current in the linear 

region is defined by the components cl D' and c2 D'E, where E is the electric field 

strength, D' is the dose rate, and cl and c2 are fit constants that represent the fraction of 

ions that escape initial recombination due to diffusion and the field strength, respectively. 
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Because of the lack of saturation, the two-voltage technique described in section 

3.2.3.2 cannot be used for ion recombination corrections. 

Fig. 5-13 shows the saturation curves of the GUC-03 for different polarizing 

voltages. The different lines correspond to different dose per pulse values. These values 

were changed by increasing the SSD of the phantom containing the GUC-03. 
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Figure 5-13. GLIC-03 ionization curve for various dose per pulse values. Standard deviations are 
inc1uded but are too small to be visible. A smoothed line fit was applied. 

Two other possible methods for correcting for recombination are proposed in this 

thesis. The tirst method is to determine the collection efticiency of the ionization 

chamber using a theoretical mode!. The second method is to measure the change in 

collected charge as a function of dose rate and use these measurements to correct for the 

relative difference in recombination at different dose rates. 
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Theoretical General Collection Efficiency 

Boag's theory for recombination in gas-filled ionization chambers was presented 

in section 3.2.3.2. In this first method of correcting for ion recombination, we follow the 

investigations of Johansson et al. s in the determination of ion collection efficiency by 

modifying Boag's theory to liquids. In that paper, the theoretical general collection 

efficiency of a liquid chamber, fth , was determined. An important difference in collection 

efficiency for liquid chambers is that initial recombination is always a significant 

component and therefore included. A saturation region is never reached due to increased 

production of free ions, even though general recombination is minimized at high field 

strengths. Instead, the CUITent increases linearly with increasing field strength. 

In order to determine the theoretical collection efficiency, ith ' the theoretical 

CUITent in the absence of general recombination, must be determined. In order to do this, 

the CUITent as a function of electric field must be measured for a low dose rate where 

general recombination is assumed to be negligible. The ionization CUITent in the linear 

region at a specific electric field strength is divided into two components, as shown in 

Fig. 5-9: 

(5.10) 

where E is the electric field strength and D' is the dose rate. The parameters Cl and c2 

are fit constraints described earlier. Fig. 5-14 shows the ionization curve of the GUe-03 

for a dose rate of 0.05 mGy per pulse, including the linear region extrapolation for 

determining fit parameters. 
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Figure 5-14. Extrapolation of one ionization curve of the GLIC-03, with a 0.05 mGy/pulse dose rate. 

The theoretical collection efficiency was detennined according to the following 

relationship5 : 

1 Ith =-ln(l+u) , 
u 

where, as we similarly saw in section 3.2.3.2 for air chambers, 

and 

r 2 
U=Jl-d 

U 

(5.11) 

(5.12) 

(5.13) 

Again, ls and k2 [m·y-l·s-l] are the positive and negative ion mobility, respectively, 

e = 1.602 x 10-19 C is the electron charge, d [cm] is the plate separation, U [y] is the 

applied potential, a is the recombination rate constant, and r is the amount of charge per 
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unit volume and radiation pulse liberated by radiation and escaping initial recombination. 

r is related to the experimental CUITent by: 

r=-.SL 
Vvt' 

(5.14) 

where Q is the charge that is produced during time t, v is the radiation pulse frequency, 

and V is the sensitive volume. The recombination rate constant, a , is approximated6 for 

dielectric liquids with low permittivity, e, to be: 

(5.15) 

where Go is the permittivity of free space. Substituting this into equation 5.13, we see 

that Il simplifies for use in equation 5.12: 

(5.16) 

Thus, the theoretical collection efficiency can be calculated using the following version of 

u after substituting equations 5.14 and 5.16 into equation 5.12: 

1 Qd2 

u=---. 
GoG UVvt 

(5.17) 

In our study, we determined the fit constraints using the charge per pulse at dose 

rate Do, and then calculated the theoretical charge per pulse from equation 5.10, which is 

scaled by the ratio of dose rates DI Do. The volume can aiso be expressed as V = 7rr
2 d, 

where r is the electrode radius and d is the plate separation. In addition, v represents the 

number of pulses per unit time (v = # pulses / time), so vt is simply the number of pulses. 

Because ofthese relationships, equation 5.17 can be expressed as: 

(5.18) 
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Fig. 5-15 shows the theoretical general collection efficiency for the GLIC-03 over 

various electric field strengths and doses per pulse. For low doses per pulse and high 

field strengths, the efficiency was greater than 0.99, in agreement with Johansson et al.s 

At low field strengths, efficiency decreases due to the fact that the electric field strength is 

not sufficient to overcome incomplete charge collection of one pulse before the arrivaI of 

the second pulse. General recombination occurs after initial track structure is destroyed, 

and occurs between positive and negative ions formed by different ionizing particles. 

Thus general recombination changes with dose rate - that is, with changing number of 

tracks per unit time - and electric field strength.7 We see in our results that efficiency 

decreases with increasing dose per pulse due to general recombination of ions from a 

larger numbers of ionizing particle tracks. Recombination corrections in liquids are thus 

especially important for high dose rates and low field strengths. 
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Figure 5-15. Theoretical general collection efficiency of the GLIC-03 for various doses per pulse, as a 
function of electric field strength. A smoothed line fit was applied. 

98 



Determining General Recombination as a Function of Dose Rate 

In this method, we measured the change in collected charge as a function of dose 

rate and use these measurements to correct for the relative difference in recombination at 

different dose rates. It is important to emphasize here that this method is not an absolute 

calculation of the efficiency of the chamber, but rather determines a relative correction 

factor due to loss of signal by recombination at one dose per pulse compared to another 

dose per pulse. 

In order to calculate the dose at different SSD positions, an air ionization chamber 

(Exradin A12) was used. Because recombination in the air chamber is small compared to 

recombination in the liquid chamber, and shows a much smaller variation with dose rate, 

recombination corrections were not applied to air chamber measurements. The ratio of 

their readings would be constant were it not for the difference in recombination of the two 

chambers. 

In Fig. 5-16, two effects of recombination can be seen. The first is an increasing 

relative signal with a decreasing dose rate. As explained earlier, the number of ionizing 

partic1e tracks that pass through any volume depends on the dose rate. As the dose rate 

decreases, fewer tracks per unit time produce fewer ions per unit time, allowing more ions 

to be collected rather than recombining. 
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Figure 5-16. GLIC-03 response in an 18 MV beam as a function of dose per pulse in the phantom, for 
various voltages across the chamber sensitive volume. GLIC-03 signaIs are compared to 
corresponding air chamber signaIs and normalized to highest dose rate. A smoothed line fit 
was applied. 

The effect of the electric field strength on recombination can also be seen by 

comparing measurements at different polarizing voltages. For low voltages the relative 

signal varies by 25% over the range of dose rates used, compared to a variance less than 

3% for the highest voltages used. As the dose rate (and thus the number of tracks) 

increases, the lower voltages are not sufficient to overcome recombination of the large 

number of ions produced. Also, at 100 V there is pulse overlap, causing a large increase 

in the ion density and therefore much greater effects of recombination. 
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Chapter 6 

Measurements of the Photon Build-up Region 

6.1 Introduction 

Our investigations of stability and reproducibility of the GLIC-03, as weIl as the 

evaluation of methods for correction of recombination, now allow for measurements of a 

region with lack of charged partic1e equilibrium. The build-up region of a percent depth 

ionization or percent depth dose curve is one such region, and was described in section 

2.7.1. The purpose ofthis study is to utilize the GLIC-03 for measurements of the build­

up region, and to compare its measurements to another established, more traditional 

detector. A diamond detector, loaned to us by Dr. Stanislav Vatnitsky (Vienna), was used 

due to its small sensitive volume and tissue-equivalence, two characteristics similar to the 

liquid chamber. The liquid-filled GLIC-03 measurements were also compared to 

measurements made with the GLIC-03 filled with air, ln order to determine any 

differences in measurements due to fluence perturbations. 

6.2 Methods and Materials 

In this experiment, the 18 MV photon beam of a Varian Clinac 21 EX linear 

accelerator was used. The chamber measuring the build-up region was positioned in a 

Solid Water™ phantom with its entrance window side flush with the phantom surface. 

The centre of a 10xl0 cm2 beam was positioned at the centre of the chamber sensitive 

volume at an SSD of 100 cm. The phantom and chamber were situated on a sturdy slide 

whose position could be changed with the aid of a digital caliper. Various thicknesses of 

Solid Water™ could then be placed in front of the chamber while moving the slide and 

maintaining a constant SSD of 100 cm. This allowed for measurements in the build-up 

region in a Solid Water™ phantom ranging from depths as shallow as the chamber wall to 

depths past the depth of maximum dose. 
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For measurements with the GLIe-03, a polarization of +500 V was applied across 

the GLIe-03 sensitive volume (+300 V for the air-filled GLIe-03). The point of 

measurement of the liquid-filled GLIe-03 was the centre of the sensitive volume, while 

the point of measurement of the air-filled GLIe-03 was the centre of the entrance 

window. As such, Solid Water™ was scaled by electron density and chamber 

components were scaled by mass density in order to determine equivalent depth in water. 

An Exradin A12 cylindrical air chamber was positioned in air, with a build-up cap, in 

front of the phantom in the corner of the radiation field in order to monitor fluctuations in 

linac output for the duration of the experiment. Exradin measurements were also 

corrected for pressure and temperature changes. Measurements made with the liquid­

filled GLIe-03 were corrected for recombination using a linear fit of the efficiency of the 

chamber as a function of dose per pulse, as described in section 5.2.5, where the chamber 

has been polarized with 500 V, and measurements were taken in an 18 MV beam with a 

dose rate of 500 MU/min. For the air-filled GLIe-03, measurements were made at +300 

V and -300 V in order to correct for polarity effects (see section 3.2.2). Recombination is 

negligible in the air-filled chamber, so no correction was necessary. 

As mentioned, the measurements of the build-up region were compared to those 

made by a diamond detector, a dosimeter suitable for measuring relative dose 

distributions in high energy photon beams. The resistance of a diamond changes in the 

presence of radiation, so applying a bias voltage allows measurement of a CUITent that is 

proportional to the radiation dose rate. A diamond detector is tissue equivalent and 

features a flat energy response and little directional dependence. It also has a very high 

sensitivity and is resistant to radiation damage. 1 The detector does have a dose rate 

dependency in pulsed radiation beams of about 2% in the range from 0.05 to 30 Gy/min.2 

A schematic of the diamond detector used is shown in Fig. 6-1, including the 

following labels: "5" represents a polystyrene chassis, "7" is a metal holder, "2" and "3" 

are composite cables, "4" and "6" are hermetization (water-sealing) collars; and "1" 

represents the detector head. In the detector head, "8" indicates the diamond detecting 

structure, to which contacts and conductors "9" through "12" apply a bias voltage and 

return a signal (reference "characteristics of diamond detectors of ionizing radiation"). 
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Figure 6-1. Schematic diagram of the entire diamond detector (left) and the detecting unit (right).3 

The head of the detecting unit (shown on the right in Fig. 6-1) contains a diamond 

crystal with a sensitive volume of approximately 1.6 mm3 
, and a sensitive volume 

thickness of 0.3 mm. The operating bias voltage applied across the detector is +100 V, 

and a pre-irradiation dose of 5-10 Gy was required. The voltage was applied and the 

signal was read using a Keithley electrometer. The build-up measurements were taken in 

the same set-up as used with the GLIC-03 and beam output was again monitored by an 

Exradin A12 in the same manner. Measurements were made with the detectors in the 

small range from 0.4 to 1.0 Gy/min, so corrections of dose rate dependence of the 

diamond detector were small and not applied. A dose setting of 100 MU and a dose rate 

of 500 MU/min was used. Leakage measurements were also determined. The point of 

measurement of the diamond detector was the centre of the sensitive volume. Again, 

Solid Water™ was scaled by electron density and cham ber components were scaled by 

mass density in order to determine equivalent depth in water. 

6.3 Results and Discussion 

Fig. 6-2 shows the result of the comparison of build-up region percent depth 

ionization measurements made by the GLIC-03 and the diamond detector. The data was 

normalized to dmax (approximately 3.3 cm), and a sixth-degree polynomial was applied to 

each curve in order to plot all three at the same depths. 
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Figure 6-2. Build-up region measurements ofGLIC-03 (air- and liquid-filled) and diamond detector. 

The diamond detector curve is about 5-6% higher than the either GUe-03 curves 

at the shallowest depths, likely an indication of the effects of dose rate on the diamond 

detector response, as mentioned in the previous section. Inclusion of corrections due to 

dose rate effects of the diamond detector would require a more detailed study. The 

liquid-filled and air-filled GUe-03 build-up curves follow essentially the same paths, as 

can be seen in the Fig. 6-3. The two agree within 0.5% at the shallowest part ofthe build­

up region and then within 1 % for the remainder. Thus the liquid-filled GUe-03 shows 

no advantage over the air-filled GUe-03 in the build-up region except providing a higher 

signal. The close agreement, however, suggests that the method of applying dose rate­

based recombination corrections to the liquid chamber response was appropriate. 
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Chapter 7 

Conclusions and Future W ork 

7.1 Conclusions 

The goal of this work was to investigate the properties of an ionization chamber 

that has the following possible advantages over traditional air ionization chambers: 

improving spatial resolution while not compromising the obtained signal; exhibiting a 

relatively flat energy response; and minimizing fluence perturbations. Such a chamber 

has the potential of improving radiation dosimetry, particularly in regions that lack 

charged particle equilibrium or in regions that exhibit high dose gradients. 

Investigations of the chamber in this work, the GLIC-03, provided the following 

information: The GLIC-03 proved stable once a large pre-irradiation dose was given, as 

its response varied by less than 1 % over ten hours. Measurements made with different 

fills of the chamber were also reproducible to within 1.5% of the mean. This allowed for 

further meaningful relative dosimetry experiments to be performed. Recombination is by 

far the leading disadvantage of liquid chambers, for which corrections must be applied. 

In this work, two methods of correcting for recombination were investigated: a theoretical 

model of general collection efficiency and a relative measurement of response as a 

function of dose rate. In both cases, high voltages and low dose rates aided in 

overcoming loss of ions due to recombination. The second method was chosen for 

application of recombination corrections to measurements made in a region with a lack of 

charged particle equilibrium: the build-up region of an 18 MV depth ionization curve. 

Measurements of this curve were compared to those made with a diamond detector, a 

solid-state detector which is also advantageous for its small-sensitive volume, its tissue 

equivalence, and its flat energy response. Comparisons between these detectors showed a 

6% difference at the shallowest depths, which was likely due to dose rate effects of the 

diamond chamber. Also, the build-up curves of the liquid- and air-filled GLIC-03 were 

compared. The liquid chamber curve agreed within 0.5 - 1.0% of the air curve, indicating 
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an insignificant improvement in the liquid-filled chamber for measurements in the build­

up region. 

7.2 Future Work 

Although the GLIe-03 stability and reproducibility were sufficient for relative 

experiments in determining the chamber' s other properties, further work is needed in 

order to minimize or perhaps eliminate these issues. Because stability and reproducibility 

are affected by impurities that can be easily introduced into the chamber, a clean, sealed 

system would be ideal for a liquid chamber that does not diminish in stability over time. 

In this thesis, applying recombination corrections by comparing response as a function of 

dose rate was the simplest method. As the use of liquid chambers increases in the future, 

however, it will be necessary and more advantageous to apply absolute recombination 

corrections without outside reference. Thus more work needs to be placed in 

understanding and applying corrections by theory of collection efficiency in these 

dielectric liquids. For the present chamber, however, more work in this area also needs to 

be done. AIso, further measurements in complex fields need to be performed, such as 

profile measurements of narrow fields or other regions that exhibit high dose gradient, in 

order to demonstrate the advantage of using liquid chambers. Experience may also lead 

to improvements in design and a cleaner, and more permanent and stable system. 
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